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ABSTRACT
Laser direct writing, developed based on modified laser-induced forward transfer
(LIFT), has been emerging as one of the most promising biofabrication techniques. While
some studies have been conducted to investigate laser direct writing of biological
materials, there are some key challenges such as mechanisms of bubble formation,
droplet formation and process-induced cell injury that have not been well elucidated. The
objective of this dissertation is to study laser-induced droplet formation dynamics and
process-induced cell injury in pulsed-laser direct writing of biological materials, and
improve the existing laser direct-write techniques.
Phase explosion is identified as the dominant bubble formation mechanism in
pulsed-laser direct writing. The phase explosion-induced bubble formation process is
modeled using a homogenous nucleation theory. The proposed model can predict the
formed bubble diameter and pressure in laser direct writing of glycerol-water solutions.
Droplet formation mechanism is systematically studied through investigating the effects
of laser fluence and material properties on the transferred droplet diameter. It is found
that the transferred droplet diameter is linearly dependent on the laser fluence while there
is no systematic dependence on the glycerol concentration.
Process-induced cell injury in laser direct writing is systematically elucidated
through investigating the effects of operating conditions on the post-transfer cell viability,
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proliferation and cell injury reversibility. It is found that the post-transfer cell viability
decreases as the laser fluence increases and is not dependent on the cell density in direct
writing of human colon cancer cells. Reversible process-induced cell injuries are
observed in post-transfer yeast cells.
An improved laser direct writing approach is proposed using a four-layer
structure including an additional metallic foil between the laser transparent donor
substrate and the coating to be transferred. It is found that the proposed approach is a
promising fabrication technology for making encapsulated microspheres from highly
viscous solutions and transferring mammalian cells with high post-transfer cell viability.
It can eliminate the direct laser-cell interaction and possible contamination from residual
sacrificial layer which may have using other conventional laser direct-write techniques.
This dissertation provides a better understanding of the droplet formation
dynamics and process-induced cell injury in laser direct writing. This work would help
laser direct writing to be a viable biofabrication technology in cell printing and
encapsulated microsphere fabrication.
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CHAPTER ONE
INTRODUCTION

1.1 Motivation and Objectives

Cell seeding and impregnation is an indispensable step for research and
development in tissue engineering, regenerative medicine, biosensor/bioactuator and
other different cell-associated biological applications. Homogeneous cells have been
conventionally seeded using soft lithography, dipping, and microlitre syringe dispatching,
to name a few. As a result, seeded cells are usually uniform and mostly in a
two-dimensional (2D) form, which may not be sufficient for some controlled gradient
and/or three-dimensional (3D) cell applications.
As a promising alternative, cell direct writing has emerged as a revolutionary
advance in tissue engineering with great potential for use in the manufacture of arbitrary
cell patterning as well as heterogeneous two or three-dimensional (2D or 3D) living
scaffolds [Lewis2004, Barbulovic-Nad2006, Ringeisen2006]. Generally speaking,
direct-write technologies include any techniques or processes capable of depositing,
dispensing, or processing different types of materials over various surfaces to create
structures with controlled architecture and composition in a consequent manner based on
any computer-aided design [Piqué2001, Lewis2004]. During a typical direct-write
approach, patterns or layered structures are built directly without the use of masks,
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allowing rapid prototyping. Either the substrate or the direct-write head or the both can be
designed to be movable with respect to each other in order to fabricate 2D or 3D patterns.
Recently various cell direct-write technologies, such as laser-guided direct
writing [Odde2000], modified laser-induced forward transfer (modified LIFT) (including
matrix-assisted pulsed-laser evaporation direct-write (MAPLE DW) [Ringeisen2004],
Biological Laser Printing (Bio LP) [Barron2004b] and/or absorbing film-assisted LIFT
(AFA LIFT) [Hopp2004]), ink-jetting [Boland2003, Wilson2003], electro-hydrodynamic
jetting [Jayasinghe2006] and biopolymer deposition [Khalil2007], have been pioneered to
direct write living cell-based patterns and constructs [Perriere2006]. Among all the cell
direct-write technologies, modified LIFT, a non-contact laser direct-write technique, has
emerged as one of the most promising surface deposition and additive manufacturing
techniques because of its flexibility and applicability to disparate material systems.
Compared with orifice-based direct-write technologies such as ink-jetting methods, it
does not have any specific viscosity requirements. In addition, modified LIFT delivers
small volume of biomaterials without the use of an orifice, thus eliminating potential
clogging and direct-contact contamination issues, and enabling various classes of
biological materials to be deposited.
As shown schematically in Figure 1.1, a typical modified LIFT setup includes
three basic components: an ultraviolet (UV) pulsed laser source and beam delivery optics;
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a laser transparent quartz disk coated with materials to be transferred, known as a ribbon;
and a computer-controlled receiving substrate for the transferred material. During the
modified LIFT process, focused laser pulses are directed through the backside of the
quartz ribbon, and these pulses are then absorbed by the sacrificial layer and/or matrix of
the coating at the quartz and coating interface, causing extreme heating and evaporation
of a small portion of the coating, which forms a small vapor/plasma bubble [Chrisey2003,
Lin2009a]. Finally, the expansion of the formed bubble releases the remaining coating as
a droplet from the interface by ejecting it away from the quartz support to the movable
receiving substrate underneath, to form two or three-dimensional structures by controlled
droplet deposition.
Vapor/plasma bubble
Matrix

Laser pulse

Target material
to be deposited

~100μm
Objective

Forming droplet
Quartz disk
Optional sacrificial layer

Ribbon
Coating

Direct-writing height: 0.25~10 mm

Substrate

XYZ Stage

Figure 1.1: Modified LIFT mechanistic schematic

In order to widely employ this technique in biofabrication industry, there are
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some manufacturing challenges needed to be carefully addressed. Firstly, physical
understanding of laser-material interaction and bubble formation mechanism inside a thin
film biological material coating is required. Secondly, droplet formation and its size
control during modified LIFT are still a big challenge and a better understanding of the
droplet formation process can help control deposition resolution and optimize the
modified LIFT process. In addition, a scientific understanding of process-induced cell
injury and cell injury reversibility will help extend the application of modified LIFT in
living cell printing. Finally, an effort to invent a new laser direct-write technique will
help the development of laser direct-write techniques and boost their applications in
biofabrication industry.
Recognizing the challenges described above, the objective of this dissertation is
to study laser-material interaction, bubble formation, droplet formation with its size
control, process-induced cell injury and cell injury reversibility in the MAPLE DW
process; and propose a metallic foil-assisted LIFT as well as its application in highly
viscous alginate microsphere fabrication and cell printing. The main content of this work
includes four parts: 1) nucleation-based phase explosion mechanism is applied to model
the laser-induced bubble formation in MAPLE DW. The model is validated with
experimental results of MAPLE DW of glycerol-water solution using a 193 nm
wavelength excimer laser (12 ns full width at half maximum (FWHM) pulse duration); 2)
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droplet formation mechanism and its size control are elucidated by studying the effects of
laser fluence and material properties on the transferred droplet size of glycerol-water
coatings with various glycerol concentrations; 3) process-induced cell injury and cell
injury reversibility are investigated by studying the effects of operating conditions on
post-transfer cell viability, cell proliferation and cell injury recovery; and 4) a metallic
foil-assisted LIFT approach is proposed to better fabricate highly viscous alginate
microspheres and transfer mammalian cells with high post-transfer cell viability.

1.2 Overview of Laser Microfabrication

The pioneering work on the basic operating principles of the laser was proposed
by Charles Townes and Arthur Schawlow from the Bell Telephone Laboratories in 1958,
and the first actual laser (wavelength at 694.3 nm, based on a pink ruby crystal) was
demonstrated in 1960 by Theodore Maiman at Hughes Research Laboratories. Since then,
thousands of different types of lasers have been invented and some of them such as
carbon dioxide lasers, helium neon lasers, diode-pump solid state lasers, free electron
lasers, fiber lasers and excimer lasers have been used in a wide spectrum of applications,
ranging from chemistry [Duley1996, Bäuerle2000], microelectronics [Boyd1992,
Chrisey1994, Piqué2001, Perriere2006], to medicine [Welch1995, Waynant2002,
Niemz2007, Braun2008], etc.
Lasers are such effective material-processing tools that have been using in

5

diverse microfabrication/micromachining areas due to their distinct advantages including
choice of wavelength and pulse width to match the target material properties as well as
one-step direct and locally confined structural modification [Grigoropoulos2009]. Laser
microfabrication is the term to describe any laser-based processes of fabrication of
miniature structures with micron and sub-micron resolution. Although the requirements
of a laser microfabrication technique vary with applications, there are some general
features including high resolution, high spatial accuracy, deposition thickness control,
simplicity, low cost, quick processing time, control of deposition thickness, and
maintenance of material properties during the microfabrication process [Banks2008b].
Summaries of a variety of laser microfabrication research have been given by Perriere
(2006), Misawa (2006) and Grigoropoulos (2009).
Among various laser microfabrication techniques, laser direct writing has
emerged as one of the most promising pattern deposition techniques. In the current
overview section, only pulsed laser-induced pressure generation mechanisms and
different laser direct-write techniques are briefly discussed.

1.2.1 Mechanisms of Pulsed Laser-induced Pressure Generation

The promising prospect of lasers in scientific and industrial applications inspires
scientists to explore and discover the fundamental mechanisms that govern the
laser-material interaction. Laser-induced pressure/stress wave is such an important
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mechanism that was first investigated a few years after the born of the first laser using
short bursts of laser pulses [White1963, Gregg1966, Skeen1968] and is still far away
from complete.
Up to date, there are thousands of published articles studied the laser-material
interactions, including some typical review papers [Kennedy1997, Paltauf2003,
Vogel2003, Georgiou2003] and some representative books [Ready1971, Anisimov1995,
Gibbon2005]. In laser direct writing, the coating material is usually aqueous-based, and
the laser is pulsed laser. Here we limit our discussion to laser-induced pressure generation
in pulsed laser-aqueous media interaction.
Generally, laser-induced pressure generation attributes to plasma formation
(optical breakdown), vaporization (mainly including normal boiling and phase explosion),
thermoelastic stress, and photochemical decomposition [Vogel2003]. Photochemical
decomposition requires very high photon energy such as 6.5 eV for water [Noack1999],
which is higher than the photon energy of almost all lasers. It may be satisfied for ultra
high intensity laser, especially for ultrashort (femtosecond) pulsed laser because of
multiphoton effects. Multiphoton ionization can take place in a laser beam with an
intensity 1011 W/cm2 or higher [Shen1984]. The laser used in laser cell direct writing is
nanosecond pulsed laser with lower laser intensity (usually below 108 W/cm2). Thus,
photochemical decomposition is not considered as a factor that contributes to the pressure
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generation.

Plasma formation

Plasma formation, also known as optical breakdown, relies on the non-linear
absorption in the target that is achieved when a material-specific intensity is exceeded
[Vogel2003]. Generally, plasma is ionized gas containing charged particles, positive ions
and negative electrons. Plasma formation depends on the density of free electrons. In
laser-material interaction, free electrons form via multiphoton and avalanche/cascade
ionization processes. Theoretical threshold for plasma formation is identified by the
generation of a critical free-electron density, ranging from 1018 to 1021 cm-3
[Bloembergen1974, Shen1984, Kennedy1995a]. Experimental threshold values for
optical breakdown in water well correspond to theoretical predictions, when critical free
electron densities of 1020 cm-3 for nanosecond laser pulses and 1021 cm-3 for picosecond
and femtosecond laser pulses are assumed [Noack1999]. Plasma formation can be easily
achieved with femtosecond pulsed laser that has a higher laser intensity but a lower pulse
energy. When pulse duration is reduced from 100 ns to 100 fs, the laser intensity
threshold for water optical breakdown increases from about 1010 W/cm2 to 1013 W/cm2,
but laser fluence threshold decreases from about 103 J/cm2 to 1 J/cm2 [Kennedy1995b,
Vogel1999, Noack1999]. Once formed, the high temperatures and pressures within the
plasma can cause rapid expansion of the plasma volume in all directions at supersonic
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velocities, resulting in shock wave and cavitation bubble formation [Kennedy1997]. The
pressure generated by the plasma can be as high as 10 GPa [Fabbro1990, Vogel1996].
From a microfabrication perspective, the mechanical effects of the plasma are more
important than other effects of the plasma, because they determine the far-field response
of the surrounding medium to the plasma formation [Kennedy1997]. These mechanical
effects have found a lot of applications, such as laser ablation [Srinivasan1986], laser
shock peening [Fabbro1998, Wu2005] and laser surgery [Vogel1997].

Vaporization

Vaporization including surface vaporization, normal boiling and phase
explosion/explosive boiling is another important laser-induced pressure generation
mechanism [Vogel2003]. Surface vaporization takes place at a liquid-vapor interface, in
which liquid at a free surface is transformed to vapor at the saturation temperature and
pressure [Vogel2003]. The equilibrium vaporization/vapor pressure can be built up again
by a net vapor mass flux from the liquid surface to the surroundings. Once the system
equilibrium restores, the system is governed by equal exchange of the evaporation of
liquid molecules into the vapor phase and the condensation of vapor molecules back into
the liquid phase. Surface vaporization requires sufficient time and temperature. If surface
temperature is above boiling temperature, then 100 ns is usually long enough. There is no
vaporization for pulse duration shorter than 1 ns [Miotello1999]. Normal boiling refers to
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a process that occurs at a thermodynamic state on the binodal of the phase diagram
[Vogel2003], as shown in Figure 1.2. The relation between the pressure and boiling
temperature is governed by the binodal. Normal boiling relies on the presence of cavities
of dissolved gas or other heterogeneities within the liquid that catalyze the nucleation and
growth of vapor bubbles. Normal boiling has provided the basic understanding for
laser-material interactions [Zweig1991], especially for longer laser pulse such as
millisecond or over 200 μs laser pulse. However, normal boiling cannot explain the high
rates of energy deposition and short ablation time achieved in most pulsed laser ablation
processes [Miotello1995, 1999, Venugopalan1996]. A partial vaporization model was
proposed to explain this phenomenon by Jansen, et al. (1995). The phenomenon that
normal boiling does not occur under pulse durations shorter than 100 ns was observed by
Miotello and Kelly (1999). It is then considered that the phase explosion is responsible
for bubble formation and pressure generation for short laser pulse such as around 10 ns.
The transformation of superheated liquid to an equilibrium state of mixed phases is
named as phase explosion [Vogel2003]. Depending on the temperature of liquid, the
phase explosion process may involve both the bubble nucleation and/or spinodal
decomposition. Bubble nucleation occurs in metastable state liquid, where the transition
from liquid to vapor requires a free energy barrier to be overcome [Skripov1974]. At
spinodal temperature, the Gibbs free energy disappears; the superheated liquid becomes
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unstable and undergoes a spontaneous decomposition process, also known as spinodal
decomposition [Skripov1974, Debenedetti1996]. Generally speaking, the generation of a
phase explosion requires pulse durations in the nanosecond range [Venugopalan1996],
but phase explosion was observed using Er:YAG laser ablation of water, gelatin, and skin
with pulse durations of the order of 200 μs [Nahen2002]. Phase explosion has been
verified as a driving mechanism in pulsed laser-material interaction in many applications,
ranging from laser ablation of tissue [Dmitriev1988, Venugopalan1996], silicon
[Yoo2000] and metals such as nickel [Song1998, Xu2000], to laser-assisted cleaning
[Park1994, Kim1998].
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Figure 1.2: Phase diagram on binodal, spinodal and metastable states
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Thermoelastic stress

Generally speaking, thermoelastic stress is caused by the heating and thermal
expansion of a material. The magnitude and profile of the thermoelastic stresses are
governed by the longitudinal speed of sound in the medium, the laser pulse duration, the
depth of the heated volume, and an intrinsic thermophysical property known as
Grüneisen coefficient [Vogel2003]. There are two confinement conditions that should be
satisfied for the prominent generation of the thermoelastic stress: 1) the pulse duration
should be much shorter than the characteristic thermal relaxation/diffusion time
( τ th =

1

μ a2α

, where α is the thermal diffusivity and μ a is the absorption coefficient)

for maximizing the temperature in the heated volume, defined by the optical penetration
depth in laser direct writing; and 2) the pulse duration should be also shorter than the
characteristic acoustic relaxation time ( τ ac =

1
, where cs is the speed of sound) to
μ a cs

achieve a high-amplitude thermoelastic stress wave [Paltauf1998, Georgiou2003].
Thermoelastic stress exists throughout all the laser-material interaction process, and its
pressure is usually about one order of magnitude lower than that generated by other phase
change processes such as phase explosion [Sigrist1978, Park1996]. The thermoelastic
stress wave has been widely utilized or observed in laser-assisted cleaning [Park1994]
and laser ablation [Paltauf1998, Vogel2003] including biological tissue removing
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[Dingus1994].

Effect of laser-material interaction geometry

Another factor that can significantly affect the pressure magnitude and its
duration is the laser-material interaction geometry. There are two modes including “direct
ablation” and “confined ablation”. Direct ablation is achieved through irradiating laser
beam on an unconfined surface of the target to vaporize a small amount of surface
material,

and

the

resulting

vapor/plasma

can

freely

expand

[Nuckolls1972,

Brueckner1974]. Another mode of laser-material interaction is named as “confined
ablation,” where the expansion of the generated vapor/plasma is confined by using
transparent materials such as water [Fairand1972] and quartz glass [Yang1974] in close
contact to the target surface [Fabbro1990]. Generally speaking, the initial pressure
generated in confined ablation mode is about 4 ~ 10 times larger than the corresponding
one obtained in direct ablation, and the pressure duration is about 2 times longer than the
laser pulse duration while the pressure duration in direct ablation is roughly equal to the
laser pulse duration [Fabbro1990]. Owing to such big advantages, confined ablation
mode has found a lot of applications, such as laser shock peening [Fabbro1998, Wu2005],
laser-induced forward transfer [Bohandy1986] and its modified techniques [Piqué1999b,
Barron2004b, Hopp2004, Brown2010].
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1.2.2 Laser Direct-write Techniques
Laser-guided direct writing

Laser-guided direct writing uses the optical force to direct write different
particles, including cells and other biomaterials. Optical force was first demonstrated to
levitate aerosol droplets and dielectric spheres in 1970 [Ashkin1970]. Since that, various
biological and inorganic materials have been successfully manipulated optically in an
aqueous suspension [Ashkin1980, 1987, Liang1996], and viable cells were successfully
patterned using a laser beam-based optical force [Odde1999, 2000].
The optical force utilized during cell direct writing comes from the scattering of
laser beam energetic photons off the surface of a microscopic particle. If the refraction
index of a particle is larger than that of the surrounding medium, the particle experiences
both a radial force pulling it towards the center of laser beam and an axial force pushing
it in the propagation direction of the light [Ashkin1980, Ringeisen2006]. The larger the
difference of the refraction indexes between the particle and the medium, the stronger the
optical force. Depending on whether a hollow optical fiber is used to minimize the effect
of the fluid motion from the suspension medium or not, the laser-guided direct writing is
usually implemented in two different ways as shown in Figure 1.3. For most biomedical
applications, lasers with near-infrared wavelengths are favored, because water absorbs
less light energy from near-infrared wavelengths, resulting in reducing laser-induced
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thermal injury to cells [Liang1996, Konig1996].

Laser beam

Laser beam

Lens

Lens

Cells in a
medium
Patterned
cells
Substrate
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medium
Guidance
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Patterned
cells
Substrate

Moving
direction

(b)

(a)

Moving
direction

Figure 1.3: Laser-guided direct writing system: (a) simple setup and (b) system with a
guided fiber

During a laser-guided cell direct writing process, the cell droplet is generally
formed using sonic agitation or nebulization. Once the particle droplets are formed, they
are guided onto the substrate by either gas flow or optical force. The resultant droplet
velocity is usually as low as 10-5 ~ 10-4 m/s [Ringeisen2006].

Laser-induced forward transfer technique

As shown in Figure 1.4, laser-induced forward transfer (LIFT) is to transfer a
thin laser energy-absorbing film from a laser transparent donor substrate onto an acceptor
substrate placed underneath it. During the LIFT process, the coated transparent thin film
substrate (also named as the donor substrate) is paired with an uncoated substrate (the
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acceptor substrate onto which the pattern is to be deposited). A laser is focused through
the transparent donor substrate onto the thin film causing the formation of vapor at the
film-substrate interface and the ejection of a portion of the film as a high speed jet. The
ejected thin film material then strikes the acceptor substrate, bonding with it. LIFT was
first proposed by Bohandy, et al. (1986). The technique that allows for two-dimensional
and three-dimensional direct writing of various materials on the scale ranging from
sub-micron [Zergioti1998, Willis2005, Banks2006] to 0.5 mm [Fardel2007a] is easily
integrated with micromachining methods [Piqué1999b, Hopp2004, Barron2004b,
Brown2010], and can be performed in the ambient environment [Banks2006].

Laser pulse

Transparent donor substrate
Thin film coating
Direct-writing height
Receiving substrate

Transferred material

Figure 1.4: Schematic of the laser-induced forward transfer

Matrix-assisted pulsed-laser evaporation

To minimize photochemical damage that results from direct interaction of UV
laser light with the organic or biomaterial targets, matrix-assisted pulsed-laser
evaporation (MAPLE) was developed at the Naval Research Laboratory [Piqué1999a,
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Chrisey2003]. As shown in Figure 1.5, MAPLE is a variation of the conventional
pulsed-laser evaporation. It is a more gentle mechanism for transferring many different
compounds including small and large molecular weight species such as sugars and
polymeric molecules, from the condensed phase into the vapor phase. When a substrate is
positioned in the path of the plume, a continuous film is formed from the evaporated
solute, while the lower molecular weight solvent is rapidly removed by continuous
evacuation. It is conducted in a conventional vacuum chamber equipped with a window
of high transmittance for the wavelength of the pulsed laser to be used. The laser
primarily interacts with the solvent, and the material of solute remains intact. The solute
concentration is intentionally kept low so that the incident laser energy is mostly
absorbed by the solvent molecules rather than by the solute molecules.

Deposited thin film
UV laser pulse

Receiving substrate

− Donor material

Cooled, rotating
MAPLE target

− Solvent matrix
material

Volatile solvent
Pumped away

Figure 1.5: Schematic of the matrix-assisted pulsed-laser evaporation
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Matrix-assisted pulsed-laser evaporation direct-write

By combining the beauties of LIFT and MAPLE, MAPLE DW has been
pioneered to transfer living cells and other biomaterials [Piqué1999b, Ringeisen2002,
2004, 2006, Barron2004, Lin2009b]. As shown schematically in Figure 1.6, the
ultraviolet (UV) laser pulses in MAPLE DW are directed perpendicularly through the
backside of a UV laser transparent quartz ribbon support coated with a solution of the
materials to be transferred. The laser pulses are then absorbed by the matrix at the
interface causing extremely heating and evaporation of a small portion of the coating to
form a small vapor/plasma bubble. Finally, the expansion of the formed bubble releases
the remaining beneath coating as a droplet from the interface by ejecting it away from the
quartz support to a receiving substrate directly underneath (usually ~ 100 μm) [Lin2009a].
MAPLE DW is schematically similar to laser-induced forward transfer (LIFT), but the
matrix coating, and thus the novelty of the laser-material interaction is what makes
MAPLE DW unique.

Laser pulse
Transparent donor substrate
Ribbon

− Donor material

Coating

− Matrix material
Receiving substrate

Transferred material

Figure 1.6: Schematic of MAPLE DW
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Sacrificial layer-LIFT

For some other applications, a sacrificial coating layer, which functions as the
laser energy absorbing vehicle that is coated between the quartz support and the
biological coating to be transferred, forms a sandwich structure [Hopp2004, Barron2004b,
Chen2006] as illustrated in Figure 1.7. While such a laser-assisted deposition approach is
named as absorbing film-assisted LIFT (AFA LIFT) [Hopp2004], Biological Laser
Printing (Bio LP) [Barron2004] and blister-actuated LIFT [Brown2010], it is usually
classified as modified LIFT [Ringeisen2006]. Various sacrificial materials can be used as
sacrificial layer such as silver [Hopp2004, Smausz2006], gold [Barron2004b, 2005a,
Koch2010], titanium [Serra2004a, Barron2004b, 2005a, Colina2006], titanium oxide
[Barron2005a], triazene [Doraiswamy2006, Fardel2007b, Banks2008a], and polyimide
[Kattamis2007]. However, the compatibility between sacrificial layer and donor material
is very important. There is always the possibility of residual sacrificial layer
contamination of the deposited material if the sacrificial layer is not completely
evaporated in the process. Smausz, et al. (2006) have reported the observation of
nanoparticles of silver sacrificial layer transferred to the receiving substrate during AFA
LIFT of a water donor film coating [Smausz2006].
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Laser pulse

Transparent donor substrate
Dynamic release layer
Thin film coating
Direct-writing height
Receiving substrate

Transferred material

Figure 1.7: Schematic of the sacrificial layer-LIFT

Laser direct writing in cell printing

Laser-guided direct writing [Odde1999, 2000], MAPLE DW [Ringeisen2002b,
2004, Barron2004a, Lin2009b, 2010], and sacrificial layer-LIFT (AFA LIFT/ Bio LP)
[Barron2004b, Hopp2005b] have been used in cell printing. Laser-guided direct writing
is a pretty low efficient technique, and is not of interest in this study. MAPLE DW and
sacrificial layer-LIFT are similar and all belong to modified LIFT techniques, which are
of interest in this study. Thus, laser direct-write techniques in this study would limit to
modified LIFT techniques.
The schematic of modified LIFT (MAPLE DW and sacrificial layer-LIFT) is
shown in Figure 1.1. And the modified LIFT setup at Clemson University is shown in
Figure 1.8. As aforementioned, all modified LIFT techniques are composed of three
similar components: a pulsed laser source; a laser transparent quartz disk coated with
materials to be transferred, known as a ribbon; and a computer-controlled receiving
substrate for the transferred material. A typical modified LIFT setup includes three basic
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steps [Lin2009a]: first, a laser pulse is directed perpendicularly through the backside of a
quartz disk-based ribbon on the other side of which is coated with materials to be
transferred and a possible sacrificial energy absorption layer; then, the laser pulse energy
is absorbed by the sacrificial layer or an energy absorbing matrix of coating at the coating
and quartz interface, resulting in forming a vapor/plasma bubble; finally, the expansion of
the formed bubble releases and ejects the remaining beneath coating as a droplet towards
a receiving substrate underneath. For nanosecond pulsed laser in this study, the main
challenges are to theoretically and experimentally study bubble formation, bubble
expansion-induced droplet formation and ejection, cell landing, process-induced cell
injury and cell injury reversibility, and then to propose an improved laser direct writing
approach to overcome direct laser and donor material interaction in MAPLE DW and/or
possibility of residual sacrificial layer contamination of the deposited material in
sacrificial layer-LIFT. Regarding bubble expansion, there are some numerical simulation
and modeling efforts [Wang2009, Mézel2009]. For cell landing process, the effects of
receiving coating thickness on post-transfer cell viability have been experimentally
studied by Ringeisen, et al. (2004) and numerically investigated by Wang, et al. (2008).
While systematic study on bubble formation, droplet formation and its size control,
process-induced cell injury and cell injury reversibility is still lacked.
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Figure 1.8: Schematic of modified LIFT experimental setup at Clemson University

1.3 Current Research State
1.3.1 Modeling of Bubble Formation in Laser Direct Writing

Numerous studies have been performed to apply a modified LIFT for different
direct-write applications including cell direct writing, while few works have focused on
process dynamics modeling of MAPLE DW [Lewis2006] as well as other similar
laser-assisted laser-matter interaction processes [Veiko2006, Samokhin2006, Lang2006].
These available works [Lewis2006, Veiko2006, Samokhin2006, Lang2006] are mainly
developed based on the force balance models. The physical understanding of
laser-induced energy absorption, bubble formation and pressure generation is frequently
ignored.

22

Generally speaking, laser-induced pressure generation is attributed to plasma
formation (optical breakdown), vaporization (mainly normal boiling and phase explosion),
thermoelastic stress (no phase change) and photochemical decomposition [Vogel2003].
Photochemical decomposition requires very high photon energy such as 6.5 eV for water
[Noack1999], and/or high laser intensity such as 1011 W/cm2 or higher [Shen1984]. The
plasma formation threshold for aqueous-based material is about 1010 W/cm2 for
nanosecond pulse duration lasers [Kennedy1995b, Vogel1999]. The laser intensity used
in cell direct writing is usually below 108 W/cm2 [Ringeisen2004], which is far below the
threshold for photochemical decomposition and plasma formation. Thus, only
vaporization (mainly normal boiling and phase explosion) and thermoelastic effect
(mainly thermal expansion-induced and no phase change involved) may be the main
mechanisms for pressure generation in cell direct writing.
When considering the vaporization mechanism for pressure generation, it was
found that the normal boiling does not usually occur under pulse durations shorter than
100 ns [Miotello1999]. It is then assumed that phase explosion is responsible for bubble
formation and pressure generation for short-pulsed laser modified LIFT applications
(around 10 ns) and the liquid is usually under a superheated state with a temperature
higher than the boiling temperature. The transformation of superheated liquid to an
equilibrium state of mixed phases is named as phase explosion [Vogel2003]. Depending
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on the temperature of liquid, the phase explosion process may involve both the
homogeneous nucleation and/or spinodal decomposition. If the laser fluence is not high
enough to reach the spinodal temperature, the homogeneous nucleation-based phase
explosion is dominant for vapor/liquid phase separation. When the rate of volumetric
energy provided by laser is much higher than the rate of energy consumed by normal
boiling and surface vaporization, the liquid medium is driven to be a metastable
superheated state. Under the homogenous nucleation mechanism, the nucleus arises
spontaneously due to thermal fluctuations and intermolecular interactions [Skripov1974].
This superheated state remains until the spinodal temperature is reached where the
spinodal decomposition occurs [Vogel2003].
Thermoelastic stress exists throughout all the laser-material interaction process
and tensile thermoelastic stress can also catalyze the phase transition including phase
explosion. However, the pressure generated by the phase explosion-induced bubble
expansion is usually one order of magnitude higher than that due to thermoelastic effect
[Sigrist1978, Park1996]. Thus, the homogenous nucleation-based phase explosion is
considered as the dominant mechanism for bubble formation and pressure generation in
modified LIFT.

1.3.2 Droplet Formation in Laser Direct Writing of Biological Materials

Droplet formation and its size control (such as the droplet diameter) have been
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of interest in the development of various droplet-based direct-write fabrication processes,
and the feature of fabricated devices and structures is determined by the drop size.
Although there have been several preliminary demonstrations in the development of
modified LIFT for biological printing as summarized in Table 1.1, some critical technical
challenges must be first resolved to make MAPLE DW feasible for manufacturing
[Wang2008]. Specifically, droplet formation and its size control during MAPLE DW are
one such challenge that a better understanding of the droplet formation process can help
control deposition resolution and optimize the MAPLE DW process.
Previous study has also been performed to investigate the relationship between
the laser fluence/energy and the droplet size in laser-induced forward transfer. For
example, Colina, et al. (2006) concluded a linear relationship between the laser pulse
energy and the droplet volume while Kattamis, et al. (2007) identified that the
relationship between the laser energy and the droplet diameter. However, whether such a
linear relationship changes as the matrix material properties vary is still not clear; and the
effect of matrix material properties has not been investigated thus far in laser forward
transfer applications.
Modified LIFT techniques have been widely used to transfer biological materials
with promising results. The transferred biological materials can be categorized as
DNA/protein, microorganism, mammalian cells and stem cells, as shown in Table 1.1.
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Table 1.1: Typical biological materials used in laser direct writing
Category of

Transferred biomolecules or cell types

biological materials
Aqueous-solutions

Aqueous-glycerol solutions [Colina2006, Lin2009a]

Microorganism

E. coli [Ringeisen2002b], and yeast cells [Lin2009b]

DNA

Lambda phage DNA [Zergioti2005, Karaiskou2003], and human
cDNAs [Serra2004a]
Bovine serum albumin protein [Ringeisen2002a, Zergioti2005,

Protein

Duocastella2007], titin treponema pallidum 17 kDa protein
[Serra2004b],

rabbit

IgG

solution

[Duocastella2008],

and

horseradish peroxidase [Dinca2008]
Pluripotent embryonal carcinoma cells [Ringeisen2004], human
osteosarcoma cells [Barron2004b], rat schwann and astroglial cells
and pig lens epithelial cells [Hopp2005b], B35 neuroblast clonal
cell [Doraiswamy2006], bovine aortic endothelial cells [Chen2006],
Mammalians cells

olfactory ensheathing cells [Othon2008], human dermal fibroblasts,
mouse myoblasts, human breast cancer cells, and bovine pulmonary
artery endothelial cells [Schiele2009], human NIH3T3 fibroblasts
and HaCaT keratinocytes skin cells [Koch2010], and human
endothelial cell [Guillemot2010]
Embryonic stem cells [Kattamis2007], rat neural stem cells

Stem cells

[Schiele2009], bone marrow–derived and adipose-derived human
mesenchymal stem cells [Koch2010]
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As aforementioned, numerous studies have been carried out in modified LIFT,
while droplet formation and its size control are still one of such challenges. A better
understanding of the effects of laser fluence and coating material properties during
droplet formation process can help control deposition resolution and optimize the
direct-write process.

1.3.3 Process-induced Cell Injury and Cell Injury Reversibility

Cell damage/injury can be introduced by many different negative changes taking
place in cells. Process induced-cell injury is common in biofabrication processes
[Ringeisen2004, 2006, Chang2008, Lin2009b]. If this process-induced stress exceeds the
adaptive capacity of a cell, irreversible injury may occur. Generally, cell injury is
reversible up to a certain point; however, exposure of a cell to a high magnitude and/or
lasting external stress may cause irreversible cell injury and even cell death. To elucidate
cell injury mechanism during laser cell transfer process, potential mechanical, thermal,
and UV injury during the process should be considered.
The process-induced mechanical stress during modified LIFT may come from
two different processes: cell droplet formation (acceleration) and cell droplet landing on
the receiving substrate (deceleration). During droplet formation, the cell droplet is
generated due to the expansion of the formed bubble, which is the result of the lasermaterial interaction. The rapid expansion due to the high pressure inside the bubble
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accelerates the forming cell droplet, and such an acceleration can be as high as 105 ~ 109
g (gravitational force) and the resulting droplet velocity can be as high as the order of 10
m/s to 100 m/s during laser-assisted cell transfer [Young2001, Barron2005b,
Hopp2005a,b, Duocastella2008,2009, Brown2010]; the higher the laser fluence, the
higher the pressure, resulting in a higher acceleration/velocity. The impact during the cell
droplet landing process also brings a significantly high deceleration to cells as simulated
[Wang2008], and the cell viability was found to be closely related to the coating
thickness of receiving substrate [Ringeisen2004]. Higher laser fluences introduce higher
cell droplet accelerations during the cell droplet formation process as well as higher cell
droplet decelerations during the cell landing process [Wang2008]. As recognized, the
process-induced high acceleration (or deceleration) and velocity can easily lead to severe
cell injury or death as observed in the centrifugal force-induced cell injury studies
[Leverett1972, Thoumine1996]. Up to date, operating conditions such as the laser fluence
dependent mechanical stress-induced cell injury in cell direct writing process has not
been clearly addressed.
The process-induced thermal injury to cells or tissues might be of concern as the
laser energy absorbed causes the deactivation of enzymes, denaturation of proteins, and
vaporization/carbonization of cells. Depending on the laser energy-induced temperature
rise and its duration, thermal injury can be classified into four stages: hyperthermia,
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coagulation (denaturation), vaporization, and carbonization [Niemz2007]. In fact, thermal
injury to biological materials is always a temperature-time governed process
[Welch1995]. Considering the unique geometry of cell direct writing, the cell coating is
heated up to superheated liquid in laser focal volume, in which the temperature is much
higher than that of vaporization. Therefore, possible thermal injury may happen in laser
focal volume and/or its adjacent area, also named as heat affected zone.
UV radiation from laser pulses can also effectively kill living cells; fortunately,
the UV light in modified LIFT is well constrained inside a confined volume at the quartz
and the coating interface as discussed below. This confined volume is also included by
heat affected zone, where thermal injury may be the dominant injury mechanism, due to
the existence of superheated liquid. Thus, UV-induced cell injury may be negligible. As a
matter of fact, comet assay of DNA damage showed that UV injury was not detected
within the limits of the assay for MAPLE DW [Ringeisen2004], and laser
micro-dissection and laser pressure catapulting [Vogel2007]. Even under high laser
fluences (up to 6 J/cm2), comet assay of DNA damage indicated that only 3% ~ 12% of
the specimen was affected by UV radiation in laser micro-dissection and laser pressure
catapulting [Vogel2007]. It would be important to note that different forms of absorbing
film-assisted depositions or sacrificial layers would also reduce this percentage to a much
lower value. Therefore, it is considered the UV radiation-induced injury negligible.
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Cell injury is a function not only of the applied thermal and/or mechanical stress
and exposure time but also of cell media, cell type, cell history and cell age
[Yeleswarapu1995, Goubergrits2004, Grigioni2004]. UV injury belongs to biochemical
injury, which can only be detected after a cell generation [Lin2009b]. For thermal injury,
the Arrhenius model [Henriques1947] and similarly, transition state theory [Eyring1939]
describe well the temperature dependence of the kinetics of irreversible heating injury to
many biological materials [Wright2003, Rylander2005, He2005]. Meanwhile, power-law
model has served as a basic model for the estimation of cell injury exposed to mechanical
stress [Blackshear1965, Paul2003, Goubergrits2004, Grigioni2004, Nair2009]. The
process-induced cell injury in laser direct writing is still unclear and further experimental
and theoretical study is required.

1.3.4 Available Modified LIFT Techniques

While many modified LIFT-based cell direct writing successes have been
achieved, possible process-induced cell injury and death is still a big hurdle for it to be a
viable technology [Ringeisen2004, Lin2009b, Lin2010]. It is always of great interest to
improve the modified LIFT process for better cell transfer performance.
As discussed above, modified LIFT can be implemented mainly in two different
ways: 1) with a sacrificial energy conversion layer such as sacrificial layer-LIFT where
the sacrificial layer absorbs the laser pulse energy, causing extreme heating and
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evaporation of the sacrificial layer and/or a small portion of the coating to form a
vapor/plasma bubble; and 2) without any sacrificial layer such as matrix-assisted
pulsed-laser evaporation direct-write (MAPLE DW) where the laser pulse energy is
mostly absorbed by some specifically selected, high absorption coefficient matrix
material, causing extreme heating and evaporation of a small portion of the coating to
form a vapor/plasma bubble [Ringeisen2004, Lin2009b]. Recently, the first approach has
emerged as a favored cell transfer method since it can minimize the direct interaction
between the laser pulse and materials to be transferred while absorbing much of the
incident laser energy [Gu2002, Kattamis2007]. Various sacrificial materials have been
tested including silver [Hopp2004], gold [Barron2004b, Koch2009], titanium
[Serra2004a, Barron2004b, Colina2006], titanium oxide [Barron2004b], triazene
[Doraiswamy2006], and polyimide [Kattamis2007]. The typical thickness of metallic
sacrificial film is of the order of 10 nm, while the typical thickness of polymeric film is of
the order of 100 nm [Doraiswamy2006] to 1 μm [Kattamis2007, Brown2010]. However,
this thin laser absorbing film may be ruptured in addition to vaporization and the ruptured
portion is further ejected out as part of the formed droplet, inducing possible
contamination and damage to materials being transferred. To overcome this challenge, an
innovative technique is needed.
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1.4 Scope of the Dissertation

As aforementioned, there are several key challenges in MAPLE DW needed to
be carefully addressed as follows: 1) understanding of laser energy absorption and bubble
formation process; 2) understanding of effects of laser fluence, coating material
properties and their combined effects on cell droplet size; 3) understanding of process
dynamics and cell injury in laser direct writing; and 4) improving the current process for
eliminating potential contamination and minimizing cell injury.

Bubble Formation
Droplet Formation

MAPLE DW
Laser Direct
Writing

Process-induced Cell Injury
and Cell Injury Reversibility

Highly Viscous Alginate Microsphere
Fabrication and Cell Printing

Metallic Foilassisted LIFT

Figure 1.9: Layout of this dissertation

The objective of this dissertation is to study laser-induced droplet formation
dynamics and process-induced cell injury in pulsed-laser direct writing of biological
materials, and improve the existing laser direct-write techniques. The hypothesis to be
tested is that laser-induced droplet formation dynamics and process-induced cell injury in
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pulsed-laser direct writing of biological materials depend on the coating material
properties and the operating conditions such as laser fluence. The layout of this
dissertation is shown in Figure 1.9. A typical laser direct writing process, MAPLE DW, is
investigated by theoretical and experimental study of laser-induced phase explosion of
bubble formation; then experimental study of the effects of laser fluence, coating material
properties on droplet formation; and finally, clear elucidation of process-induced cell
injury and cell injury reversibility. Based on understanding of mechanisms of MAPLE
DW, a metallic foil-assisted LIFT is proposed and shows better performance not only in
highly viscous alginate microsphere fabrication, but also in cell printing with high
resolution and post-transfer cell viability.
The organization of this dissertation is as follows:
In Chapter 1, the motivation and objectives of this work are first introduced. The
research background of laser microfabrication and the current research state are then
reviewed. Finally, the scope of this dissertation is provided.
In Chapter 2, the bubble formation process in laser direct writing of glycerolwater coating is modeled based on the nucleation-based phase explosion theory. Then
bubble formation experiments on laser direct writing of glycerol-water solution are
carried out to verify the proposed models.
In Chapter 3, the droplet formation during MAPLE DW process is
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experimentally studied by qualitatively determining the effects of laser fluence and
material properties of material to be transferred on the formed droplet in direct writing of
glycerol-water droplets.
In Chapter 4, process-induced cell injury and cell injury reversibility are
elucidated by studying various operating conditions on post-transfer cell viability. First,
cell injury models are proposed to quantify the process-induced cell injury in laser direct
writing. Then experimental study is fulfilled to verify the proposed models and
investigate the effects of operating conditions such as laser fluence, direct-writing height
and cell density on the post-transfer cell viability and cell proliferation. Finally, a no
nutrient environment is designed to study cell injury reversibility. Robust yeast cells are
selected to investigate the cell injury reversibility during the MAPLE DW process.
In Chapter 5, a metallic foil-assisted LIFT technique is proposed to eliminate the
potential laser-cell direct interaction in MAPLE DW and residual sacrificial layer
contamination in sacrificial layer-LIFT such as AFA LIFT/Bio LP. This metallic
foil-assisted LIFT approach is used to fabricate highly viscous alginate microspheres and
transfer HT-29 mammalian cells. Comparison of microsphere uniformity, transferred
droplet resolution and post-transfer cell viability is further fulfilled.
In Chapter 6, the conclusions and future work of the dissertation are
summarized.
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CHAPTER TWO
BUBBLE FORMATION MODELING IN LASER DIRECT WRITING

Abstract

The bubble formation process in laser direct writing of glycerol-water coating is
modeled based on the nucleation-based phase explosion theory. Based on the proposed
model, the bubble diameter and bubble pressure after expansion and cooling can be
predicted. It has been found that: 1) the formed bubble diameter increases with the
applied laser fluence; and 2) the formed bubble diameter first decreases and then
increases with the glycerol concentration ratio.

2.1 Introduction

Regarding the MAPLE DW working mechanism, it is generally believed that it
is the laser-material interaction-induced pressure that is responsible for material ejection
and transfer. Such mechanism in converting laser pulse energy into pressure has also
found other applications in laser shock peening [Fabbro1990, Sollier2001], laser
micro-dissection and laser pressure catapulting [Vogel2007], to name a few. The
laser-induced pressure generation is generally attributed to plasma formation,
vaporization such as normal boiling and phase explosion, and thermoelastic effect
(mainly thermal expansion-induced and no phase change involved) [Park1994,
Vogel2003]. While numerous studies have been performed to apply MAPLE DW for
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different direct-write applications including biomaterial direct writing, few works have
focused on process dynamics modeling of MAPLE DW [Lewis2006] as well as other
similar laser-assisted laser-matter interaction processes [Veiko2006, Samokhin2006,
Lang2006]. These available works [Lewis2006, Veiko2006, Samokhin2006, Lang2006]
are mainly developed based on classical solid mechanics theories. The physical
understanding of laser-induced energy absorption, bubble formation and pressure
generation is frequently ignored. For bubble expansion, there are some modeling efforts
in laser direct writing. For example, Wang, et al. (2009) numerically investigated the
bubble expansion-induced cell mechanical loading profile in MAPLE DW using
LS-DYNA FEM software, and Mézel, et al. (2009) simulated bubble expansion and jet
formation process in AFA LIFT utilizing a hydrodynamic code. In this study, only bubble
formation is of interest.
The objective of this study is to model the bubble formation dynamics in laser
direct writing of glycerol solution using a nanosecond UV laser. The nucleation-based
phase explosion mechanism is applied to understand the bubble formation process. The
rest of this work is organized as follows: first, the nucleation-based phase explosion
modeling procedure is illustrated in detail including laser energy absorption and phase
explosion modeling; then the proposed modeling procedure is validated in direct writing
of glycerol solutions; and finally, some conclusions are drawn.
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2.2 Modeling of Bubble Formation
2.2.1 Problem Statement and Assumptions

As discussed, plasma formation, vaporization, and thermoelastic effect may be
the main mechanisms for pressure generation in laser-assisted processing including
MAPLE DW. Since the general bubble formation process in MAPLE DW is of interest in
this study, only the possibility of plasma formation and evaporation is considered.
Generally speaking, the plasma formation holds only under higher laser intensity
applications to initiate optical breakdown of the matrix material to form plasma. For
biological application, the most common matrix is water, whose plasma formation
threshold is about 1010 W/cm2 for nanosecond pulse duration lasers [Kennedy1995b,
Vogel1999]. The general laser fluence/intensity used in MAPLE DW is 100 ~ 500
mJ/cm2 (106 ~ 107 W/cm2) [Ringeisen2004], which is far below the threshold for optical
breakdown of the matrix material to form plasma. Based on the above discussion, the
plasma formation is not considered as the main pressure generation mechanism in general
MAPLE DW although there are definitely some ions formed during MAPLE DW.
When considering the vaporization mechanism for pressure generation, it was
found that the normal boiling does not usually occur under pulse durations shorter than
100 ns [Miotello1999]. It is then assumed that phase explosion is responsible for bubble
formation and pressure generation for short-pulsed laser MAPLE DW applications
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(around 10 ns) and the liquid is usually under a superheated state with a temperature
higher than the boiling temperature ( Tb ). The transformation of superheated liquid to an
equilibrium state of mixed phases is usually named as phase explosion [Vogel2003].
Depending on the temperature of liquid, the phase explosion process may
involve both the homogeneous nucleation and/or spinodal decomposition. If the laser
fluence is not high enough to reach the spinodal temperature, the homogeneous
nucleation-based phase explosion is assumed dominant for vapor/liquid phase separation.
The rate of volumetric energy provided by the laser is much higher than the rate of
energy consumed by normal boiling and surface vaporization, thus the liquid medium is
driven to be a metastable superheated state. Under the homogenous nucleation
mechanism, the nucleus arises spontaneously due to thermal fluctuations and
intermolecular interactions [Skripov1974]. This superheated state remains until the
spinodal temperature is reached where the spinodal decomposition occurs [Vogel2003].
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Figure 2.1: Laser-induced bubble formation modeling flow chart

Figure 2.1 depicts the proposed modeling flow chart. As discussed, this
modeling study aims to model the phase explosion mechanism when the heated liquid
temperature is higher than the boiling temperature. The homogenous nucleation-based
phase explosion mechanism is considered to be responsible for bubble formation and
pressure generation. The modeling details are discussed in the following sections, and
some modeling assumptions are as follows:
1. The laser absorption matrix is water, and the laser absorption of glycerol is neglected.
Although the absorption coefficient (193 nm) of water is less than μ a = 10 −1 cm−1 at the
room temperature, it can be as high as μ a = 10 4 cm−1 upon heating due to a change in
the hydrogen-bonding structure that induces a blue shift [Staveteig1996, Vogel2003].
The absorption coefficient of glycerol (HPLC grade, ultrapure) at 193 nm was
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measured as 23 cm-1 [Kaplan2006]. Considering the absorption coefficient of water is
much larger than that of glycerol once the heating starts, water, as the matrix material
for the glycerol solution, is considered as the main laser energy absorption material in
this study;
2. There is no interaction between the laser beam and vaporized/dissociated material,
mainly water-based. The absorption coefficient of water vapor at 193 nm is estimated
no larger than 500 cm-1 based on a previous measurement study [Kessler1993], which
is much lower than that of heated water (104 cm-1). Similar assumption has also been
adopted in ceramic material ablation using a short-pulsed laser [Zhang2001];
3. The superheated liquid does not change its volume during the whole process;
4. The energy effect of possible interactions among multiple forming bubbles and bubble
coalescence is neglected; and
5. The energy loss due to heat conduction during each pulse duration is negligible since
the applied laser pulse duration (12 ns) is shorter than the thermal relaxation time
(about 1 μs [Georgiou2003]).

2.2.2 Laser Energy Absorption Modeling

The laser (including the excimer laser) intensity distribution is generally
represented as Gaussian both temporally and spatially [Svelto1998, Noack1999,
Chen2001]:
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⎡
(t − t 0 )2
r2 ⎤
− 4 ln(2) 2 ⎥
I (r , t ) = I 0 exp ⎢− 4 ln(2)
D ⎦⎥
τ L2
⎣⎢

(2.1)

8[ln(2 )]2 E
is the laser peak intensity which is I 0 = 3 / 2
, E is the laser pulse
π τ LD2
3

Where I 0

energy, D is the FWHM (Full Width at Half Maximum) laser beam diameter, τ L is the
FWHM pulse duration, r is the position of interest, and t0 is the time for the laser peak
intensity.
Without phase change, the energy equation for the coating is defined as:

ρC p

∂Tco (r , z ,t )
= ∇ ⋅ (κ∇T (r , z ,t )) + Q&
∂t

(2.2)

Where ρ is the coating density, C p is the specific heat capacity, Tco is the coating
temperature, κ is the thermal conductivity, Q& is the volumetric heat source written as
Q& (r , z, t ) = (1 − R )μa I (r , t )exp(− μa z )

where

R

is

the

reflectivity

on

the

surface

(Transmittance of UV Grade Quartz disk from Edmunds Optics is 0.85 at laser
wavelength 193 nm), and μ a is the absorption coefficient.
The initial and boundary conditions are as follows:
Tco (r , z ,0 ) = Tamb

(2.3)

∂Tco
∂z

(2.4)

=0
z =0

Tco (∞ , z ,t ) = Tamb and Tco (r ,∞ ,t ) = Tamb

(2.5)

Where Tamb is the ambient temperature (300 K). The heat affected zone is dependent on
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laser fluence, but it is confined in a small regime (z is only a few micrometers
[Barron2004b] and r is about the laser beam radius ( D /
It is reasonable to assume Tco (r , z ,t ) r >3 D /

2 ln ( 2 )

2 ln(2) )

at laser intensity at 1/e2).

= Tamb and Tco (r , z ,t ) z ≥10

μm

= Tamb .

Assume constant material thermal and optical properties, the analytical solution
of temperature distribution under Gaussian distribution laser intensity is given as
[Grigoropoulos2009]:
( 1 − R )μ a D 2 I 0 t
1
Tco (r , z ,t ) = Tamb +
×
×
0
8 ln(2)ρC p
4α (t − t' ) + D 2 / (4 ln(2))

∫

⎤
⎡
(t − t0 )2 2
r2
(
)
exp⎢− 4 ln( 2 )
t
t
'
μ
α
+
−
−
⎥×
a
2
2
4α (t − t' ) + D / (4 ln(2))⎥⎦
τL
⎢⎣

(2.6)

⎡
⎛
⎞
⎛
⎞⎤
z
z
⎟ +exp(μ a z )× erfc⎜ μ a α (t − t' ) +
⎟⎥dt'
⎢exp(− μ a z )× erfc⎜ μ a α (t − t' ) −
⎜
⎟
⎜
⎟⎥
(
)
(
)
2
t
t
'
2
t
t
'
α
α
−
−
⎢⎣
⎝
⎠
⎝
⎠⎦

Where α is the thermal diffusivity, α =

κ
ρC p

, and erfc is the complementary error

function.
If the absorption coefficient is large enough such as absorption coefficients for
typical metals ranging from 105 cm-1 ~ 106 cm-1 [Ready1971], then the energy absorption
is simplified as surface absorption. The analytical solution of temperature distribution for
Gaussian

distribution

laser

intensity

is

Grigoropoulos2009]:
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further

derived

as

[Ready1971,

( 1 − R )D 2 I 0

Tco (r , z ,t ) = Tamb +

4 ln(2 )ρC p πα

×

∫

t

0

1

[

]

t − t' 4α (t − t' ) + D 2 / 4 ln(2 )

⎡
⎤
(t − t0 )2
z2
r2
−
−
exp⎢− 4 ln( 2 )
⎥ dt'
2
2
4α (t − t' ) 4α (t − t' ) + D / 4 ln(2 )⎥⎦
τL
⎢⎣

×

(2.7)

As aforementioned discussion, for short pulse lasers, if the temperature is higher
than the boiling temperature ( Tb ), it means that the liquid is under the metastable state.
By finding such a three-dimensional spherical region (defined by rmax as the radius and
z max as the penetration depth) where all the liquid is metastable, the focal volume V f at

a specific time for this superheated liquid is estimated as follows:
Vf (t ) =

(

1
2
2
+ z max
πz max 3rmax
6

)

(2.8)

It should be pointed out that although

Vf ( t )

is a function of time, it increases

quickly and then reaches a steady-state value during the most of laser pulse duration, and
this steady-state value is denoted as V f and used in the following sections for simplicity.
The absorbed thermal energy ε (rmax , zmax , t ) within the focal volume can be
derived as follows:

ε (rmax , z max ,t ) = 2π ∫

rmax

0

∫ ∫ ρC T (r , z ,t ) rdrdzdt
z max

0

t

0

p

(2.9)

For simplicity, the focal volume temperature is represented in terms of the average
temperature as follows:
T (t ) =

ε (rmax , z max ,t )

(2.10)

V f Cv

Once the nucleus is formed, the energy consumed by the phase change should be
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considered, and T (t ) is governed by the energy conservation equation.

2.2.3 Phase Explosion Modeling

The phase explosion process in laser-induced bubble formation can be better
understood using the pressure-temperature diagram of liquid as shown in Figure 2.2,
where spinodal limit (vapor and liquid) is determined by Redlich-Kwong equation of
state and (∂P / ∂υˆ )T = 0 , saturation curve is determined by least squares fitting of
experimental data, the critical pressure of water is Pc = 22.064 MPa and the critical
temperature of water is Tc = 647.096 K [Wagner2002]. There are two heating processes:
normal heating and superheating. Normal heating happens at temperatures below the
boiling temperature, and superheating happens between the boiling temperature and the
spinodal temperature. In a slow heating process, the temperature and pressure relation
follows the binodal. In a fast heating process, the liquid goes through the binodal into a
metastable state and its upper limit for superheating is the spinodal. The onset of
nucleation represents the beginning of the loss of liquid thermodynamic stability, which
occurs around 0.8Tc (critical temperature) [Martynyuk1983].
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Figure 2.2: Reduced pressure and reduced temperature projection of the thermodynamics
phase diagram of water

The condition of mechanical equilibrium for a critical nucleus in liquid is as
follows [Skripov1974]:
PB = PL +

2σ
rc

(2.11)

where PB is the pressure inside the nucleus, PL is the liquid pressure which is
0.101325 MPa (ambient pressure is used for a thin coating), rc is the radius of the
critical nucleus, and σ is the surface tension of the liquid.
For an incompressible liquid and ideally behaved vapor, the pressure inside the
nucleus is [Debenedetti1996]:
PB = Ps (T ) exp{v L [PL − Ps (T )] / (RG T )}

(2.12)

Where RG is the universal gas constant (8.3145 J·K-1·mol-1). Then the critical bubble
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radius can be determined as follows [Park1994, Debenedetti1996]:
rc =

2σ
Ps (T ) exp{v L [PL − Ps (T )] / (RG T )} − PL

(2.13)

Where Ps (T ) is the saturation vapor pressure at temperature T, and v L is the liquid
specific volume. The saturation vapor pressure at the liquid surface temperature T can be
calculated using the Clausius-Clapeyron equation:
⎡ H vap
Ps (T ) = PL exp ⎢
⎢⎣ RG

⎛ 1 1 ⎞⎤
⎜⎜ − ⎟⎟⎥
⎝ Tb T ⎠⎥⎦

(2.14)

Where H vap is the molar enthalpy of vaporization. Values of Tb and H vap for the
glycerol solution can be found from the Dow Company website [Dow2010].
At mechanical equilibrium, the free energy ΔG required for a critical nucleus
formation is [Debenedetti1996]:
4
3

ΔG = πrc2σ

(2.15)

During phase explosion, there is a time lag τ for nucleation, and this time
duration is needed for an embryo, smaller than critical nucleus, to grow into a critical
nucleus [Skripov1974, Xu2002]:
⎛ 2πM
τ = ⎜⎜
⎝ RG T

⎞
⎟⎟
⎠

1/ 2

4πσPs

(2.16)

(Ps − PL )2

Where M is the molar weight of glycerol solution. Then the rate of homogenous
nucleation is estimated as follows using the Döring and Volmer theory [Skripov1974]:
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⎛ −τ
⎧ ΔG ⎫
J ( t ) = J 0 exp⎨−
⎬ exp⎜⎜
k
T
⎩ B ⎭
⎝ τ0

⎞
⎟⎟
⎠

(2.17)

Where J 0 is a kinetic factor which is approximately J 0 = 1.44 × 10 40

ρ 2σ
M3

nuclei

m-3s-1 [Carey2007], M is in kg/kmol, τ 0 is the time duration for which liquid is
superheated, and k B is the Boltzmann constant.
The number of total critical nuclei that can be formed within the focal volume
Vf

during the calculation duration Γ , is given by [Skripov1974, Debenedetti1996]:
N (Γ ) = V f

Γ

∫ Jdt

(2.18)

0

Thus, the effective bubble volume in this study is estimated as follows assuming that all
the formed bubble nuclei are coalesced into a large bubble:
V B (Γ ) =

4π
3

∫

Γ

0

rc3 dN (t )

(2.19)

The energy required for bubble formation is from the absorbed laser energy
stored in the superheated liquid [Skripov1974]. The amount of vapor formed from liquid
depends on the available energy in the superheated liquid. Based on the energy
conservation law, the energy governing equation for this system can be written as
follows:

dβε (rmax , zmax ,t ) dρV f C pT d (NΔG )
=
+
dt
dt
dt

(2.20)

The first term accounts for the rate of absorbed laser energy, the second term is the rate of
energy to raise the focal volume temperature, and the third term is the rate of energy used

47

to form nuclei. β is the conversion rate of absorbed laser energy mainly into
mechanical energy.
By solving Eqs. (2.16) and (2.20) simultaneously, the bubble size ( V B ) and
bubble temperature (T) of the formed bubble can be calculated as follows. Firstly, the
focal volume is determined. Secondly, the absorbed energy and temperature rise within
the focal volume are calculated at time t = 0 . If the calculated temperature is greater
than the boiling temperature, the nucleation theory (Eq. (2.16)) and the energy
conservation law (Eq. (2.20)) are used to predict the possible nuclei formation and
temperature rise, and then the computational time is increased by a selected
computational time step. Otherwise, the computational time is increased directly by a
time step. Finally, the simulation stops at time

6σ t

(σt

=

τL

2 2 ln(2 )

), and the outputs are the

bubble size and temperature.
Assuming the bubble formed as semi-spherical during the phase explosion
process, the bubble diameter is approximated as follows:
1

1

⎛ 3V (t ) ⎞ 3
⎛ 3V (t ) ⎞ 3
D B (t ) = 2⎜ 2 B ⎟ = 2⎜ B ⎟
⎝ 4π ⎠
⎝ 2π ⎠

(2.21)

At the same time, the bubble pressure can be determined based on Eq. (2.11)

2.2.4 Bubble Diameter after Cooling

The bubble reaches peak pressure and temperature values at the end of each laser
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pulse duration. Then, the formed bubble may further expand after that. During expansion,
the internal energy inside the bubble decreases mainly due to mechanical energy loss and
heat conduction. Assuming that the vapor gas inside the bubble is ideal and the
condensation effect during the cooling process is neglected, the final bubble pressure ( Pf )
only depends on the environmental pressure ( Patm ), liquid-vapor interfacial surface tension
( σ ), and bubble radius (r) as Pf = Patm + 2σ . If the cooled bubble is semi-spherical, its
r

diameter ( DB ) is determined as follows based on the ideal gas law:
⎛ 3ηT0 PBτ Vτ
D B = 2⎜
⎜ 2πT P
τ f
⎝

1

⎞3
⎟
⎟
⎠

(2.22)

where Vτ is the bubble volume, Tτ is the temperature inside the bubble, PBτ is the
bubble pressure at the end of the pulse duration, T0 is the room temperature, and η is
an energy loss coefficient during the bubble expansion and cooling process. For η = 1 , it
means that

the energy loss during the bubble expansion and cooling process is

neglected.

2.3 Experimental Design

To study the bubble formation process in MAPLE DW, the experimental design
is described as follows. The laser was an ArF excimer laser (Coherent ExciStar, 193 nm,
12 ns FWHM pulse duration), and the laser spot size was controlled around 150 μm in
diameter. A quartz (Edmund optics), which had a 85% transmittance for 193 nm
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wavelength beams, was used to make the ribbon. In this study, glycerol (Fisher scientific,
99% pure) and water, the most important component in biological environments, were
selected as the experimental coating materials. Glycerol was selected for its wide
application as a critical component of culture medium. In addition, the low vapor
pressure of glycerol limits evaporation and potential drying of biomaterials
[Barron2005a]. The coating was applied at a thickness around 100 μm. The whole
apparatus is shown in Figure 2.3.

Laser pulse

Ribbon

Vapor/plasma
bubble

Laser pulse

Objective

Matrix
Target material
To be deposited
Forming droplet

Ribbon

Quartz disk

Coating

Optional energy
conversion layer

Substrate

XYZ Stage

Figure 2.3: MAPLE DW apparatus and mechanistic schematic

Different energy levels were applied to the glycerol solution with different
glycerol concentrations. The applied glycerol concentrations were 25%, 35%, 50%, 65%,
75%, 85%, and 99% (v/v). For the 50 % glycerol solution, the designed energy levels
were 0.30, 0.25, 0.20, 0.15, and 0.10 mJ. For all other different concentration ratios, the
designed energy level was 0.30 mJ. The actual energies measured on the top of the quartz
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were 0.299 ± 0.0185, 0.254 ± 0.0197, 0.208 ± 0.0188, 0.154 ± 0.0164, and 0.101 ±
0.0141 mJ, which were equivalent to the laser fluence levels of 1,693 ± 105, 1,439 ± 111,
1,176 ± 106, 871 ± 93, and 573 ± 80 mJ/cm2. The energy level after passing through the
quartz should be modified by 85% (transmission rate), and the measured energy level was
slightly different every time due to the laser output instability.
For the bubble diameter measurement, the bubble diameter was approximated by
taking the average value of horizontal and vertical diameters of a bubble.

2.4 Experimental Results and Model Validation
2.4.1 Bubble Morphology

For any given laser fluence and glycerol concentration, ten repetitive
experiments were performed to make bubbles at the coating and quartz interface. The
formed bubbles were observed and measured using an optical microscope. Figures 2.4
and 2.5 show two representative bubble measurements in MAPLE DW of glycerol
solution using a 1,443 mJ/cm2 laser fluence. Two types of bubbles were observed: the
primary bubble and the satellite bubble. It can be seen from Figure 2.4 that it is easy to
form many satellite bubbles in addition to a primary bubble since the high viscosity of the
high concentration coating hinders the mobility of nuclei to make coalescence more
energy consuming. For solutions with a relatively lower glycerol concentration as shown
in Figure 2.5, the number of satellite bubbles becomes few, but their size is relatively
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larger. It is because their nuclei may have a high mobility due to a lower viscous force,
leading to an increased probability for nuclei to coalesce at different superheated regions.

Satellite
bubbles

Primary
bubble

Figure 2.4: Bubble formed in 99% glycerol-water coating using fluence 1,443 mJ/cm2

Satellite
bubbles

Primary
bubble

Figure 2.5: Bubble formed in 50% glycerol-water coating using fluence 1,443 mJ/cm2
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2.4.2 Temperature Model Validation

The analytical solution of temperature distribution (Eq. (2.6)) was verified with
COMSOL Multiphysics FEM software. Laser fluence 1.0 J/cm2, absorption coefficient

μ a = 10 6 m-1, reflectivity R = 0.15, and material properties at 25 ℃ of 50% glycerolwater solution including density 1137.40 kg/m3, thermal conductivity 0.40 W/m/K,
specific heat capacity 3277.60 J/kg/K [Righetti1998, Dow2010] were used to verify the
analytical solution. As shown in Figure 2.6 (a), the analytical solution agrees well with
COMSOL simulation results at different locations of coating including r = 0, z = 3, 4, 5
μm during 100 ns computational time. These results also show that the heat affected zone
is well confined in an area few micrometers deep underneath the coating and quartz disk
interface.
If the absorption coefficient is high enough such as 107 ~ 108 m-1, the analytical
solution of temperature distribution is simplified as Eq. (2.7). The analytical solution (Eq.
(2.7)) was also verified with COMSOL Multiphysics FEM software. Laser conditions
and material properties were the same as aforementioned. As shown in Figure 2.6 (b), the
curve marked with surface absorption is the analytical solution of Eq. (2.7), other curves
with different absorption coefficients are obtained by directly solving the energy equation
(Eq. (2.2)) using COMSOL Multiphysics software. The analytical solution of Eq. (2.7)
was very close to those of higher absorption coefficients. The difference between
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analytical and simulation results decreases with the increase of absorption coefficient,
especially at the peak region (around 40 nanosecond) of temperature distribution. While
the temperature difference at other regions of temperature distribution is insignificant.
600
Analytical solution
COMSOL simulation

Temperature(K)

550

500

(r,z)=(0,3e-6)

450

(r,z)=(0,4e-6)
400

(r,z)=(0,5e-6)
350

300
0

0.2

0.4

0.6

0.8

Time (second)

1
-7

x 10

(a) Low absorption coefficient
14

x 10

4

Surface absorption
8

Temperature (K)

-1

μa=5×10 m

12

8

-1

8

-1

μa=2 ×10 m

10

μa=1×10 m

8
6
4

7

2
0

-1

μa=5 ×10 m

0

0.2

0.4

0.6

0.8

Time (second)

1
x 10

-7

(b) High absorption coefficients
Figure 2.6: Analytical solution of temperature distribution versus COMSOL simulation
results: Laser fluence 1.0 J/cm2; (a) μ a = 10 6 m-1; (b) Position (r, z) = (0, 0)
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2.4.3 Phase Explosion Model Validation

The measured bubble diameters of the primary bubble and bubble cluster are
compared with the predicted bubble diameters after cooling (with β = 0.65 and η = 1 ).
The relationship between the bubble diameter and laser fluence is studied as shown in
Figure 2.7. As expected, the bubble diameter increases as the laser fluence increases. The
bubble cluster diameter is always larger than that of the primary bubble. Neither of them
exactly represents the bubble size after cooling. Comparing the predicted diameter with
those measurements, it is found that the prediction falls between the two measurements at
low laser fluence levels but generally overestimates at high laser fluence levels.
If β = 0.65 is considered as a good approximation, then η = 1 should lead to
an overestimation of bubble diameter since the energy loss is ignored during the bubble
expansion and cooling process. This is true at high laser fluence levels but not at low
laser fluence levels as seen from Figure 2.7. This discrepancy may be due to the classical
nucleation theory used in this study, which is suitable for intermediate temperature
metastable liquid. The nucleation theory gives a too high nucleation rate at high
temperatures (close to the spinodal temperature) but a too low nucleation rate at low
temperatures [Oxtoby1998]. At low laser fluence levels, the proposed tends to
underestimate the nucleus formation probability. As a result, the estimated bubble
diameter may be smaller than the measurements.
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Figure 2.7: Bubble diameter as a function of laser fluence (50% concentration
solution)

The relationship between the bubble diameter and solution concentration at a
high fluence level (1,443 mJ/cm2) is also studied, and the results are shown in Figure 2.8.
As expected, the bubble cluster diameter is larger than that of the primary bubble. It can
be seen from Figure 2.8, the bubble diameter prediction overestimates the bubble
diameter after cooling. This overestimation is attributed to the following two main
reasons: 1) The energy loss during the bubble formation process is assumed as 35% ( β =
0.65), which might not be reasonable for this particular MAPLE DW study; and 2) Eq.
(2.22) is derived without considering the energy loss during the bubble expansion and
cooling, which can be significant due to the heat conduction, shock wave generation, and
possible liquid condensation. The assumption η = 1 for prediction should be modified to
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consider all other possible energy losses. Considering the extreme complexity involved
during the bubble formation, expansion, and cooling process during MAPLE DW, the
proposed model is considered satisfactory in reasonably predicting the bubble diameter as
a first step endeavor.
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Figure 2.8: Bubble diameter as a function of glycerol concentration (laser fluence 1,443
mJ/cm2)

It is interesting to observe that the bubble diameter first decreases and then
increases with the increasing glycerol concentration ratio. This may be due to the two
competing factors: 1) the spinodal temperature is quite different for glycerol solutions
with different concentration ratios. For example, it is around 650 K for low glycerol
concentration solutions, but around 850 K for high glycerol concentration solutions. As a
result, less energy is required for the lower glycerol concentration coating to reach the
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spinodal temperature and the more absorbed energy can be effectively converted for
bubble formation; and 2) the volumetric heat capacity of glycerol is much smaller than
that of water, and the energy required to raise the solution to the spinodal temperature
becomes smaller as the glycerol concentration ratio increases. As a result, more laser
energy can be converted for bubble formation for higher glycerol concentration solutions.
For the solution with concentration ratio between 50% and 85%, its volumetric heat
capacity as well as spinodal temperature is relatively high, so less laser energy is
converted for bubble formation. As a result, the predicted bubble size for such solutions
is relatively smaller. However, there is no such pronounced tendency by inspecting the
measurement results.
Overall, it is concluded that the proposed model is a feasible method in
predicting the bubble diameter. It is expected that the introduction of more accurate
models for energy loss for the bubble formation and bubble expansion/cooling processes
should help improve the model prediction accuracy.

2.5 Conclusions

The bubble formation process in MAPLE DW of glycerol-water coating is
modeled based on the nucleation-based phase explosion theory. Based on the proposed
model, the bubble diameter and bubble pressure after expansion and cooling can be
predicted. Experimental and theoretical results shows that the formed bubble diameter
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increases with the laser applied fluence; while the bubble diameter first decreases and
then increases as the glycerol concentration ratio increases.

59

CHAPTER THREE
DROPLET FORMATION IN LASER DIRECT WRITING OF
GLYCEROL-WATER SOLUTION

Abstract

For disparate MAPLE DW-based microfabrication applications, the droplet
formation mechanism during MAPLE DW should be first carefully understood. Towards
this goal, systematic studies are performed in laser direct writing of glycerol-water
droplets using MAPLE DW. It has been found that 1) at a given glycerol concentration
ratio, the droplet diameter is linearly dependent on the laser fluence, and the slope of this
relationship is dependent on the glycerol concentration; and 2) the droplet diameter has
no systematic relationship with the glycerol concentration ratio.

3.1 Introduction

The resolution of MAPLE DW is dependent on the size of each droplet
transferred. While there have been several preliminary demonstrations in the
development of MAPLE DW for patterns of biomaterials and passive microelectronics
fabrication, some critical technical challenges must be first resolved to make MAPLE
DW feasible for manufacturing [Wang2008]. Specifically, droplet formation and its size
control during MAPLE DW are one such challenge that a better understanding of the
droplet formation process can help control deposition resolution and optimize the
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MAPLE DW process.
Droplet formation and size control (such as the droplet diameter) have been of
interest in the development of various droplet-based direct-write fabrication processes,
and the feature of fabricated devices and structures is determined by the drop size.
Experimental and simulation studies have looked at the effects of material properties such
as viscosity and surface tension on the size of droplets formed. For example, in a
micro-stamping study, Ho, et al. (2005) found that the droplet diameter could shrink up
from 50% to 70% when the solution viscosity varied from 1.02 to 10.08 mPa·s [Ho2005];
and in simulating the droplet formation process during ink-jetting, Lindemann, et al.
(2004) and Sen, et al. (2007) found that the droplet volume steadily decreased with the
increase of solution density, dynamic viscosity, or surface tension, while the droplet
volume was more sensitive to the viscosity change.
Past work has also been performed to investigate the relationship between the
laser fluence/energy and the droplet size in laser-induced forward transfer. For example,
Colina, et al. (2006) concluded a linear relationship between the laser pulse energy and
the droplet volume while Kattamis, et al. (2007) identified the relationship between the
laser energy and the droplet diameter. However, whether such a linear relationship
changes as the matrix material properties vary is still not clear; and the effect of matrix
material properties has not been investigated thus far in laser-assisted forward transfer
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applications. The objective of this work is to study the effects of laser pulse fluence and
glycerol-water concentration on the glycerol-water droplet diameter during MAPLE DW
using a 193 nm wavelength excimer laser. Glycerol was selected for its wide biomedical
applications as a common component of culture medium [Ringeisen2002a, Barron2005a,
Kattamis2007], and its low vapor pressure limits evaporation and potential drying of
biomaterials [Barron2005a]. While MAPLE DW is of interest in this study, the resulting
observations are expected to be applicable to other laser-induced forward transfer
applications.
The rest of this study is organized as follows: first, the experimental setup and
procedure are illustrated in detail; then the effects of laser fluence and glycerol
concentration ratio on the droplet diameter are discussed based on the experimental
measurements in this study; and finally, some conclusions on the droplet formation
during MAPLE DW are drawn.

3.2 Experimental Design

Droplet formation during MAPLE DW of glycerol-water droplets has been
studied using an ArF excimer laser (Coherent ExciStar, 193 nm, 12 ns full-width
half-maximum duration). The laser spot size was maintained at 150 μm in diameter. A
quartz optical flat (Edmund optics, Barrington, NJ) with 85% transmittance for 193 nm
wavelength beams was used to make the ribbon. The receiving substrate surface was a
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Petri dish positioned 500 μm below the quartz support using an Aerotech XYZ
translation stage. The laser repetition rate was 1 Hz and the stage speed was 20 mm/min
resulting in a 333 μm droplet interval between each droplet. The glycerol (Acros
Organics, Fair Lawn, NJ, 99% pure) and deionized water (EMD Chemicals Inc.,
Gibbstown, NJ) were used to make the glycerol-water solution. The matrix was prepared
at a thickness of 100 μm by pipetting 15 µl glycerol-water solution into a 1 cm (length) ×
1.5 cm (width) × 100 μm (depth) plastic frame.
Different laser fluences have been applied to glycerol solution coatings with
different glycerol concentrations to study the effects of laser pulse fluence and material
property on droplet formation. TABLE 3.1 shows the applied glycerol concentrations and
their corresponding material properties. The designed energy levels were 0.30, 0.25, 0.20,
0.15, 0.10, 0.05, and 0.03 mJ. It should be pointed out that the measured energy level
varied slightly every time due to the laser output instability. The actual energies measured
on the top of the quartz were 0.299 ± 0.0185, 0.254 ± 0.0197, 0.208 ± 0.0188, 0.154 ±
0.0164, 0.101 ± 0.0141, 0.052 ± 0.0082, and 0.033 ± 0.0046 mJ, which were equivalent
to the laser fluence levels of 1,693 ± 105, 1,439 ± 111, 1,176 ± 106, 871 ± 93, 573 ± 80,
294 ± 46, and 184 ± 26 mJ/cm2. The energy level after passing through the quartz should
be modified by 85% (transmission rate). As seen from Table 3.1, depending on the
glycerol concentration ratio, the surface tension of the glycerol solution usually changes
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less than 15% [Shi1994] while the viscosity may change significantly (up to almost 1,000
times) [Eggers1993]. The solution density also varies less than 25 % as the concentration
changes.

Table 3.1 Material properties of glycerol-water solution at 25℃
Solution physical properties
Glycerol concentration
Solution density

Viscosity

Surface tension

(g/cm3) a

(mPa·s) a

(mN/m) b

(v/v)

a
b

99%

1.26

863.15

62.7

85%

1.23

127.19

64.8

75%

1.20

43.62

65.8

65%

1.18

18.48

66.5

50%

1.14

7.33

67.1

35%

1.10

3.30

67.9

25%

1.07

2.16

68.5

15%

1.04

1.48

69.7

Reference [Dow2010]
Reference [Lide2010]
Twenty droplets were deposited for any given laser fluence and glycerol

concentration combination used for good statistics. The droplet volume was estimated
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based on the measured contact angle and the shape of deposited droplets; and the droplet
diameter of interest was estimated by finding the equivalent spherical radius based on the
measured droplet volume. Volume and diameter values were the average values of
measured droplets. All splashing volumes were relatively negligible under investigated
laser fluence range and not counted.

3.3 Effects of Laser Fluence and Glycerol Concentration on Droplet Formation
3.3.1 Discussion on Droplet Formation Mechanism

Regarding the droplet formation mechanism in MAPLE DW, it is generally
believed that it is the laser-material interaction-induced pressure that is responsible for
material ejection resulting in droplets formed as in piezoelectric pressure-based
ink-jetting. This mechanism in converting the laser pulse energy into pressure is also
found in other applications, e.g., laser shock peening [Fabbro1990, Sollier2001], laser
micro-dissection and laser pressure catapulting [Vogel2007], to name a few. The
laser-induced pressure generation is generally attributed to plasma formation,
vaporization (such as normal boiling and phase explosion), and thermoelastic effect
(mainly thermal expansion-induced and no phase change involved) [Park1994,
Vogel2003].
Plasma formation occurs only under high laser intensity and is initiated by
optical breakdown of the matrix material. The absorption coefficient of glycerol at 193
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nm is around 23 cm-1 [Kaplan2006]. While the absorption coefficient of water at 193 nm
is less than 0.1 cm-1 at the room temperature, it can be as high as 104 cm-1 upon heating
due to a change in the hydrogen-bonding structure that induces a blue shift [Vogel2003,
Staveteig1996]. Since the absorption coefficient of water is much larger than that of
glycerol once the heating starts, water was considered as the main laser energy absorption
material in this study. The plasma formation threshold for water is about 1010 W/cm2 for
nanosecond pulse duration lasers [Kennedy1995b, Vogel1999]. The laser fluence used in
MAPLE DW was ~ 400 mJ/cm2 (around 107 W/cm2 for 30 ns pulses) [Ringeisen2004],
which is far below the threshold for optical breakdown of the matrix material to form
plasma. The largest laser fluence in this study was 1,439 ± 89 mJ/cm2 (of the order of 108
W/cm2 for 12 ns pulses), which is also far below the threshold for optical breakdown.
Plasma formation was not considered as a pressure generation mechanism.
When considering thevaporization mechanism for pressure generation, it was
found that the normal boiling does not usually occur under pulse durations shorter than
100 ns [Miotello1999]. It is then assumed that phase explosion is responsible for bubble
formation and pressure generation for short-pulsed laser MAPLE DW applications
(around 10 ns) and the liquid is usually under a superheated state with a temperature
higher than the boiling temperature. The transformation of superheated liquid to an
equilibrium state of mixed phases is usually named as phase explosion [Vogel2003],
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which may include homogeneous nucleation and/or spinodal decomposition. Pressure
generation due to phase explosion is usually higher than that due to the thermoelastic
effect and it can be up to one order of magnitude higher [Sigrist1978, Park1996]. In this
study, the pressure due to the thermoelastic stress and the phase explosion contribution
was responsible for the droplet formation process.

3.3.2 Effect of Laser Fluence

Figure 3.1: Deposited droplets using 50% glycerol concentration ratio under different
laser fluences: 156 ± 22, 250 ± 39, 487 ± 68, 740 ± 79, 1,000 ± 90, 1,223 ± 95, and 1,439
± 89 mJ/cm² (from left to right)

Figure 3.1 shows representative droplets collected under various laser fluences.
As seen from Figure 3.1, the droplet diameter increased as the laser fluence increased,
and splashing started to happen in addition to pure spreading and volume increase when
the laser fluence was larger than a threshold value (around 1,223 mJ/cm² in this study).
The level of splashing also increased as the laser fluence further increased.
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Figure 3.2: Droplet diameter and volume as functions of laser fluence

Figure 3.2 further shows the relationships between the droplet diameter/volume
and the applied laser fluence, respectively. A linear relationship between the droplet
diameter and the laser fluence in MAPLE DW can be seen in Figure 3.2 (a). A similar
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linear relationship between the droplet diameter and the laser fluence was observed in
laser-assisted forward transfer using a polyimide sacrificial layer [Kattamis2007]. The
slope of the relationship can be interpreted as how the droplet size is sensitive to the
change of laser fluence; the higher the slope, the more sensitive.
As the absorbed laser energy raises the solution temperature in the laser focal
volume to be above the boiling temperature, the matrix material is at a metastable
superheated state. The heat-induced phase explosion and thermoelastic stress contribute
to the generation of sublimation pressure, which ruptures the matrix beneath to form a
droplet. Typically, for nanosecond lasers, around 60% of the absorbed laser energy is
converted into the mechanical energy [Vogel1999, Tomita2003]. By assuming that this
conversion ratio does not vary significantly during MAPLE DW, the mechanical energy
should linearly increase with the increase of applied laser fluence, which leads to a linear
increase of droplet diameter.

3.3.3 Effect of Glycerol Concentration Ratio

Figure 3.3 shows the effect of glycerol concentration ratio on droplet shape
under a given laser fluence 1,000 ± 90 mJ/cm2. Splashing also happened when using
lower concentration solutions such as 35%, while spreading was the main phenomenon
when using higher concentration solutions such as 50 % and 85 %.
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Figure 3.3: Deposited droplets using 35%, 50% and 85% glycerol concentration ratio
solutions (from left to right), respectively

The droplet diameter did not have a systematic relationship with glycerol
concentration as seen from Figure 3.4. At a given laser fluence, the droplet diameter first
increased as the glycerol concentration ratio of glycerol solutions increased until it
reached a maximum diameter value under a transitional concentration value
(concentration ratio for the largest droplet, which was around 50% under the 1,000 ± 90
mJ/cm² laser fluence). At this concentration, the droplet could reach its largest size for a
given laser fluence. Once the glycerol concentration ratio was higher than the transitional
value, the droplet diameter decreased with the increase of glycerol concentration ratio.
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Figure 3.4: Droplet diameter as a function of glycerol concentration ratio

As the glycerol concentration ratio increased, both the viscosity and density
increased while the surface tension decreased as seen from Table 3.1. For a given laser
fluence, the laser-induced pressure is considered the same for different glycerol
concentration solutions by assuming there is enough water responsible for laser energy
absorption. As studied in nozzle jetting-based droplet formation, the droplet size steadily
decreased with the increase of solution density, dynamic viscosity, or surface tension
[Lindemann2004, Sen2007]. Although MAPLE DW is different from ink-jetting in terms
of their boundary conditions, it is assumed that the general droplet formation
observations also apply to those of MAPLE DW. As the glycerol concentration ratio
increases, the increasing viscosity and density help decrease the droplet diameter while
the decreasing surface tension helps increase the droplet diameter as in ink-jetting. Based
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on the relative dominance of these two competing factors, the droplet diameter may
increase or decrease as the concentration ratio increases. Analytical and/or computational
approaches should be implemented to further elucidate this diameter and material
properties relationship in future studies.

3.3.4 Combined Effects of Laser Fluence and Glycerol Concentration Ratio

The relationship between the droplet diameter and both the laser fluence and the
glycerol concentration ratio has also been studied to appreciate the combined effects of
laser fluence and glycerol concentration ratio. Figure 3.5 shows the dependence of
droplet diameter on the laser fluence and glycerol concentration ratio. Table 3.2 shows its
corresponding droplet diameter standard deviation under laser fluence and glycerol
concentration ratio. The standard deviation decreases with the decrease of laser fluence,
mainly attributed to the decrease of laser fluence standard deviation, as shown in Table
3.2.
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Table 3.2: Droplet diameter standard deviation as a function of the laser fluence and the
glycerol concentration ratio
Laser fluence
(mJ/cm2)

Glycerol concentration (%)
99

85

75

65

50

35

25

15

1,439 ± 89

43.18

51.60

41.78

50.92

51.79

60.30

58.88

43.66

1,223 ± 95

34.85

43.30

59.08

49.78

43.53

46.80

59.23

39.69

1,000 ± 90

24.97

42.79

38.92

55.90

63.08

65.60

22.19

24.11

740 ± 79

20.18

25.60

21.95

24.60

26.26

35.15

36.35

23.95

487 ± 68

11.37

23.86

14.40

18.67

36.36

42.32

24.93

28.74

250 ± 39

9.35

13.37

14.49

5.81

8.80

16.69

10.84

1.75

156 ± 22

4.60

4.52

6.15

10.31

10.77

12.82

4.83

4.05
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Figure 3.5: Droplet diameter as a function of the laser fluence and the glycerol
concentration ratio

As discussed before, there was an approximately linear relationship between the
droplet diameter and the laser fluence for a given glycerol concentration solution. It is
further seen from Figure 3.6 that the slope of this linear relationship between the droplet
diameter and the laser fluence was dependent on the glycerol concentration and it
increased with the increase of glycerol concentration ratio until the glycerol concentration
ratio reached a transitional value. This transitional glycerol concentration for maximum
sensitivity was 65% in this study, at which ratio it will be more effective to control the
droplet size by adjusting the laser fluence level. Once the glycerol concentration ratio was
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higher than that transitional value, the slope then decreased with the increase of glycerol
concentration ratio. The slope tendency should be attributed to the combined
contributions of the solution density, surface tension and viscosity, and this tendency is to

Slope of droplet diameter Versus laser fluence

be theoretically analyzed in future studies.
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Figure 3.6: Change of slope of droplet diameter versus laser fluence

It was also found that the transitional glycerol concentration ratio for the largest
droplet was different under different laser fluences as seen from Figure 3.7. This
transitional concentration ratio for the largest droplet was a function of laser fluence, and
it generally increased as the laser fluence increased. It was close to a lower glycerol
concentration ratio (around 35%) at lower fluences and a higher glycerol concentration
ratio (around 65 %) while the laser fluence increased. This monotonic increasing
tendency should be also attributed to the combined contributions of the solution density,
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surface tension and viscosity, which is to be theoretically understood in future studies.
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Figure 3.7: Transitional glycerol concentration ratio for the largest droplet under different
laser fluences

3.3.5 Droplet Formation Difference between MAPLE DW and Nozzle Jetting

The droplet formation process during MAPLE DW is different from that in
nozzle-based jetting (including dripping, jetting and spraying) while they share some
common process characteristics. Figures 3.8 and 3.9 illustrate both two droplet formation
processes, and both the processes are governed by fluid dynamics, obeying the mass,
momentum, and energy conservation laws. However, there are two main differences as
follows.
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Figure 3.8: Schematic of droplet ejection process during MAPLE DW (The Gaussian
profiles correspond to the laser fluence (F) distribution, Emin is the laser energy threshold,
and F0 is the laser fluence threshold for droplet formation) [Young2001, Serra2006,
Lin2008b]
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Figure 3.9: Schematic of nozzle jetting (including dripping, jetting and spraying)

Firstly, the droplet formation mechanisms are different. It is film rupturing under
the bubble expansion that is responsible for droplet formation during MAPLE DW. The
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laser energy is applied as pulses, and the droplet is formed discretely pulse-by-pulse once
the laser pulse fluence is higher than the required droplet formation threshold as shown in
Figure 3.8 (b) and (c). However, it is the Rayleigh instability in jetting under an applied
excitation that is responsible for droplet formation during nozzle-based jetting as shown
in Figure 3.9 (b). Of course, it should be pointed out that dripping (Figure 3.9 (a)) can
also be responsible for droplet formation close to the nozzle exit based on the interaction
among the surface tension, liquid viscous force, and/or gravity if the jet velocity is too
low. Nevertheless, the droplet formation process in both dripping and jetting is
continuous in generating droplets.
Secondly, the boundary condition for droplet formation is different. The droplet
formation process during MAPLE DW is a constraint-free droplet formation process
since the droplet is formed from a free surface while the droplet formation process during
nozzle jetting is constrained by the nozzle geometry. The constraint-free condition may
lead to a high process condition sensitivity during MAPLE DW. As expected, MAPLE
DW has a less stringent requirement on the viscosity of drop material.
As the laser fluence is too high, many small droplets will be formed as seen in
Figure 3.8 (d). This phenomenon is similar to the spraying process as shown in Figure
3.9(c). Although such a phenomenon has not been observed in this study since the laser
energy was not high enough, it has been reported as the “cone-shaped” spray once the
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laser fluence reached a threshold in laser-induced forward transfer [Young2001,
Ringeisen2002a].

3.4 Conclusions

The droplet formation process during MAPLE DW has been studied to elucidate
the effects of laser pulse fluence and glycerol-water concentration on the glycerol-water
droplet diameter. While MAPLE DW is of interest in this study, the resulting
observations are expected to be applicable to other laser-induced forward transfer studies.
Some conclusions are summarized as follows:
1) At a given glycerol concentration ratio, the droplet diameter is linearly dependent
on the laser fluence, and the slope of this linear relationship between the droplet
diameter and the laser fluence is dependent on the glycerol concentration. The
slope increases with the increase of glycerol concentration ratio until the glycerol
concentration ratio reaches a transitional concentration ratio with maximum
sensitivity. Once the glycerol concentration ratio is higher than the concentration
ratio for the largest droplet value, the slope then decreases with the increase of
glycerol concentration ratio; and
2) The droplet diameter has no systematic relationship with the glycerol
concentration ratio. At a given laser fluence, the droplet diameter increases with
the increase of glycerol concentration ratio until it reaches a transitional
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concentration ratio for the largest droplet. At this transitional concentration ratio
for the largest droplet, the droplet can reach its largest size at a given laser fluence.
Once the glycerol concentration ratio is higher than the concentration ratio for the
largest droplet, the droplet diameter decreases with the increase of glycerol
concentration ratio. The concentration ratio for the largest droplet is a function of
laser fluence, and it generally increases with the increase of the laser fluence.
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CHAPTER FOUR
PROCESS-INDUCED CELL INJURY AND CELL INJURY REVERSIBILITY

Abstract

The post-transfer cell viability in laser direct writing depends on various
operating conditions such as the applied laser fluence. To date, the effects of operating
conditions on the post-transfer cell viability have not been well elucidated. This study has
investigated the effects of operating conditions on post-transfer cell viability,
proliferation and cell injury reversibility in direct writing of yeast cells and human colon
cancer cells. It has been observed that: 1) the post-transfer cell viability decreases as the
laser fluence increases, and the post-transfer cell proliferation capacity does not vary
significantly as the laser fluence changes; 2) the post-transfer cell viability is not
dependent on the cell density; 3) a larger direct-writing height can only help improve
post-transfer cell viability for cells transferred under high laser fluence; and 4) some of
the process-induced cell injuries are reversible.

4.1 Introduction

Any biofabrication process, which uses biological materials to fabricate cell
and/or biomaterial-based products, may introduce excessive thermal and/or mechanical
stresses to biological materials including living cells. If this process-induced stress
exceeds the adaptive capacity of a cell, then irreversible injury may occur. Cell
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injury/damage can be simply classified as thermal and/or mechanical cell injury and
biochemical injury [Mardikar2000]. Generally, cell injury is reversible up to a certain
point; however, exposure of a cell to a high magnitude and/or lasting external stress may
cause irreversible cell injury, even cell death. Indeed, cell death due to process-induced
cell injury is common in biofabrication processes [Ringeisen2004, 2006, Chang2008,
Li2010, Lin2009b, 2010]. Systematic study of operating conditions on process-induced
cell injury is helpful not only for scientifically understanding the relation between cell
responses and operating conditions, but also for providing practical and theoretical guide
to evaluate the feasibility and efficiency of biofabrication processes. In this chapter, the
effects of operating conditions such as laser fluence, direct-writing height and cell density
on the post-transfer cell viability are firstly presented. Then cell injury reversibility is
elucidated. Finally, the cell injury mechanisms are further discussed.

4.2 Process-induced Cell Injury

Some studies [Ringeisen2004, Chang2008, Li2010, Lin2009b, Lin2010] have
been conducted to investigate biofabrication process-induced cell injury. For MAPLE
DW, there have been some interesting contributions, which include the experimental
work on the effect of matrigel coating thickness of the receiving substrate on the
post-transfer mammalian cell viability [Ringeisen2004] and the effect of laser fluence
(laser pulse energy / area of laser spot size) on the post-transfer yeast cell viability
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[Lin2009b] and colon cell viability [Lin2010] as well as some modeling attempts
regarding the MAPLE DW process-induced mechanical stress profile during bubble
expansion and cell droplet landing [Wang2008, 2009]. Thus far, there is no available
systematically theoretical and experimental study on the effects of operating conditions
such as laser fluence, direct-writing height and cell density (of the coating to be
transferred) on mammalian cell injury as mammalian cells may be more sensitive to
external stress that is largely related to the laser fluence.
Human colon cancer cells such as the HT-29 cell have been widely used as a
research cell source to study various normal and neoplastic processes [Cahill1998,
Oikonomou2007, Yauch2008]. As the HT-29 cell has retained certain characteristics of a
normal tissue such as hormone receptors [Forgue-Lafitte1989], it has been selected as a
model cell to investigate the effects of operating conditions on post-transfer cell injury. It
should be pointed out that available and feasible cell sources should be studied in the
future because cancer cell lines and healthy cells are very different in many ways
including their responses and tolerance to external stresses.
The objective of this study is to theoretically and experimentally investigate the
effects of operating conditions on the post-transfer cell viability of HT-29 cell during
laser cell direct writing, MAPLE DW herein. The operating conditions of interest are the
laser fluence, the direct-writing height, and the cell density. The rest of this section is
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organized as follows: first, cell injury models are elucidated; then the experimental
materials and methods are illustrated in detail to verify the models; and finally,
theoretical prediction and experimental results of the effects of laser fluence,
direct-writing height and cell density on the HT-29 cell viability are addressed.

4.2.1 Cell Injury Models

Cell injury during MAPLE DW might be mainly due to both the mechanical cell
injury (mechanical injury) and the biochemical injury (thermal injury and UV injury).
The process-induced stress, mainly mechanical stress, during MAPLE DW may come
from two different processes: the cell droplet formation (acceleration) and the cell droplet
landing on the receiving substrate (deceleration), as shown in Figure 4.1. During the
droplet formation process, the cell droplet is formed and ejected due to the expansion of
the formed bubble, which is the result of the laser-matrix material interaction. The rapid
bubble-induced expansion acceleration can be as high as 105 ~ 109 g and the resulting
droplet velocity can be as high as the order of 10 m/s to 100 m/s during laser-assisted cell
transfer [Young2001, Barron2005b, Hopp2005a,b, Duocastella2008,2009, Brown2010].
The higher the laser fluence, the higher the pressure, results in a higher
acceleration/velocity. The impact during the cell droplet landing process also brings a
significantly higher deceleration to cells as simulated [Wang2008, 2009], and the cell
viability was found to be closely related to the thickness of the receiving substrate coating
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[Ringeisen2004]. Higher laser fluence introduces a higher cell droplet acceleration during
the cell droplet formation process and a higher cell droplet deceleration during the cell
droplet landing process [Wang2008]. The dependence of the cell viability on the laser
fluence has proved the existence of cell injury because a higher laser fluence leads to a
higher cell acceleration (or deceleration) and velocity, resulting in a lower cell viability
[Lin2009b, 2010]. Thus, laser fluence is selected as the primary variable to model cell
injury.

Laser pulse

Quartz support

Cell droplet
with landing
velocity

Coating

Vapor/ plasma
bubble
Receiving well with cell medium

Forming droplet
(a) Stage 1: cell droplet formation process

(b) Stage 2: cell landing process

Figure 4.1: Schematic of cell droplet formation and cell landing process in MAPLE DW

Cell damage/injury can be modeled using different approaches, and the most
common ones are the power-law model and its modified forms [Blackshear1965,
Paul2003, Goubergrits2004, Grigioni2004, Nair2009], and the Gompertz model
[Reznick2004, Fife2006, Minto2008]. All of them have been widely adopted to study cell
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performance under the effects of mechanical stress and/or exposure time during different
processes. Herein, these two models are also implemented to predict cell injury in
MAPLE DW to evaluate the validity of using them for cell injury modeling.
The power-law cell injury model is defined as follows:
I = C1 F C2 × 100%

(4.1)

where I is the model predicted cell injury in %, F is the model input laser fluence
(mJ/cm2), and C1 and C2 are the power-law model coefficients. The Gompertz cell
injury model is defined as follows:

I = exp(− C3 exp(− C4 F ))× 100%

(4.2)

where C3 and C4 are the Gompertz model coefficients. All C1 , C2 , C3 , and C4 are
to be determined using MAPLE DW experiments.

4.2.2 Materials and Methods
Cell culture

The HT-29 cells (ATCC, Manassas, VA) were cultured to 90% confluency in
McCoy’s 5A modified medium supplemented with L-Glutamine (ATCC, Manassas, VA),
10% (v/v) fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and 1% (v/v)
Penicillin-Streptomycin (ATCC, Manassas, VA) in a 37°C, 5% CO2, humidified
incubator. The cultured cells were washed twice with 10 ml of phosphate buffered saline
(PBS) followed by the addition of 4 ml Trypsin-EDTA (0.25% Trypsin/0.53 mM EDTA
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in HBSS, ATCC, Manassas, VA) and incubated for 5 minutes. The trypsinized cell
suspension was transferred to a 15 ml centrifuge tube and vortexed with 1 ml calf serum
(BioWhittaker, Walkersville, MD). The suspension was centrifuged at 1,600 rpm (around
450 g) for 5 minutes, and the resulting cell pellet was re-suspended in the same medium
to cell densities of 1 × 106, 5 × 106, and 1 × 107 cells/ml for use in subsequent laser
printing experiments.

Laser cell transfer process

In order to better understand the post-transfer cell viability during MAPLE DW,
direct writing of HT-29 cells have been studied using an ArF excimer laser (Coherent
ExciStar, 193 nm, 12 ns FWHM duration). The supporting quartz disks and receiving
substrates were washed with 70% ethanol (Fisher scientific, IL) and then rinsed with
deionized water (Fisher scientific, IL). When quartz disks were dried, a 3M Scotch tape
was used to make a 1.5 × 1.5 cm well with a 100 μm depth on the quartz disk. Then, 20
μl of HT-29 cell suspension was pipetted into the well, resulting in an approximately 80 ~
100 μm thick coating. A freshly coated quartz disk was prepared for each cell transfer
process.
The laser spot size was focused to a 120 × 280 μm rectangle and the laser
repetition rate was held at 50 Hz. Since the effect of the laser fluence on the cell viability
is of interest, the laser fluence was varied from about 250 to 1,500 mJ/cm² during the
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experiment, and the actual laser fluence during each printing was determined based on
the average of 100 laser pulses which were individually measured using a FieldMax laser
power/energy meter (Coherent, Santa Clara, CA). The measured laser fluences were 258
± 6, 458 ± 6, 669 ± 10, 869 ± 13, 1,063 ± 13, 1,262 ± 15, and 1,482 ± 15 mJ/cm².
The receiving substrate was a 24-well flat bottom microtiter plate and each well
was filled with 1 ml McCoy’s 5A modified medium with L-Glutamine supplemented
with 10% (v/v) fetal bovine serum and 1% (v/v) Penicillin-Streptomycin, resulting in a 5
mm thick cell medium coating inside each well. Such a 5 mm coating is expected to have
negligible impact-induced cell injury during cell droplet landing [Ringeisen2004,
Wang2008] and provide a favorable environment for the following post-transfer cell
proliferation study. The transferred cells were directly printed into the liquid media inside
one of the 24 wells. The cell medium in each well not only provided an impact cushion
for the transferred HT-29 cells during landing, but also provided a growth medium for the
transferred HT-29 cells. Three control wells each with 20 μL HT-29 cell suspension were
also prepared to provide the benchmark information about the HT-29 cell viability under
processing that was identical except it excluded the laser interactions and the concomitant
stresses. If not specified, the cell density was 1 × 107 cells/ml and the default directwriting height was 16.6 mm. This height is a little bit large compared with that in typical
MAPLE DW practices (0.25 to 10 mm) [Ringeisen2004], and this was due to the fixture
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design herein and the depth of the well. As the process dynamics instead of the printing
resolution is of interest, a relatively large height helps better study the effects of operating
conditions on the post-transfer cell viability.
Under each fluence level, 1,000 laser pulses (one cell transfer per laser pulse)
were applied at different places on a newly-coated quartz disk to transfer the trypsinized
cell suspension into a well, and both the quartz disk and the receiving well were
translated shot by shot. The cell transfer process was repeated three times to deposit cells
into three different wells of the multiwell plate for each laser fluence. Transferred cells
were tested for cell viability (as described below) immediately after printing.
In addition, the cells transferred using 258 ± 6, 869 ± 13, and 1,482 ± 15 mJ/cm²
laser fluences were further used for the cell proliferation study. From the wells with these
transferred cells, 25 μL cell suspension was taken each time to mix with a 175 μL cell
medium as used in preparing the receiving wells, resulting a 200 μL suspension in wells
of a 96 well plate for proliferation studies. For each laser fluence case, three wells were
prepared. The same amount of control wells were also prepared by maintaining the same
volume of fresh cell suspension with a same cell density as that of 200 μL transferred
suspension samples. All samples were incubated in a 37°C, 5% CO2, humidified
incubator, and the cell proliferation was tested at 0, 24, 48 and 72 hours after cell transfer.
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Experimental design

The effects of laser fluence, direct-writing height and cell density on the
post-transfer cell viability are of interest in this study. For the study of the laser fluence
effect, cell suspension with a 1 × 107 cells/ml density was transferred at a height of 16.6
mm by varying the laser fluences as follows: 258 ± 6, 458 ± 6, 669 ± 10, 869 ± 13, 1,063
± 13, 1,262 ± 15, and 1,482 ± 15 mJ/cm². For the study of the direct-writing height effect,
cell suspension with a 1×107 cells/ml density was transferred at two different permissible
heights of 16.6 and 29.3 mm by varying the laser fluences as follows: 258 ± 6, 869 ± 13,
and 1,482 ± 15 mJ/cm². For the study of the cell density effect, cell suspension with 1 ×
106, 5 × 106, and 1 × 107 cells/ml densities was transferred at a height of 16.6 mm by
varying the laser fluences as follows: 258 ± 6, 869 ± 13, and 1,482 ± 15 mJ/cm². In
addition, 25 droplets were deposited onto a petri dish receiving substrate under a 500 μm
direct writing height by varying the laser fluences as follows: 258 ± 6, 869 ± 13, and
1,482 ± 15 mJ/cm². The droplet volume/diameter was estimated based on the measured
contact angle and the shape of deposited droplets [Lin2009a]. The selected 258 ± 6, 869
± 13, and 1,482 ± 15 mJ/cm² laser fluences corresponded to low, medium and high laser
pulse energy conditions.

Cell viability assay

Trypan blue dye-exclusion is a traditional and widely employed cell viability
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assay for HT-29 cells [Liu2005, Yu2006, Hong2008]. The viability of HT-29 cells was
evaluated using 0.4% trypan blue stain (BioWhittaker, Walkersville, MD). Post-transfer
cell suspension and trypan blue dye were mixed first at a 1:1 volume ratio. Then the
samples were viewed using an optical microscope, and the live/dead cell assay was
performed using a hemocytometer. During the counting process, transparent cells were
considered live while blue cells were considered dead since viable cells with intact
cellular membrane will exclude the blue dye. Samples from each well were counted twice
to get an average cell viability value.

Cell proliferation assay

CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega,
Madison, WI), a colorimetric method for determining the number of viable cells, was
used to determine cell proliferation at different post-transfer testing moments. The
fluorescent intensity of cell suspension was measured using a Multiskan FC microplate
reader (Thermo Fisher Sci, Waltham, MA) at the absorbance wavelength of 492 nm. The
cell number was obtained through a standard curve determined by correlating a known
cell number with the fluorescent intensity of cell suspension.

Statistical analysis

All effects were evaluated using the appropriate analysis of variance. All data
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were expressed as mean ± standard deviation. A statistical significance was established at
p<0.05 for all analyses.

4.2.3 Results
General observations on transferred cells and their proliferation

As discussed in the previous sections, the process-induced cell injury is present
in different methods used in biofabrication [Ringeisen2004, Chang2008, Li2010,
Lin2009b, 2010]. Generally speaking, any biologically important molecule in a cell can
be the target of injury-associated stress, and four biochemical systems are particularly
vulnerable: cell membrane and cytoskeleton system, energy metabolism, protein
synthesis, and nucleic acids representing the integrity of the genetic apparatus of a cell.
Since essentially all biochemical systems of the cell are inter-dependent, injury at one site
typically causes a secondary injury to other cellular processes. During biofabrication
processes, external negative changes are mainly process-induced mechanical and/or
thermal stresses [Lin2009b, 2010, Wang2008, 2009].
In this laser direct writing method, while most cells can survive through this
fabrication process, cells can become injured due to various reasons such as laser-induced
mechanical stresses, thermal effect and UV radiation. Figure 4.2 shows the cell
proliferation of post-transfer cells at 0, 24, 48, and 72 hours after transfer under a 258
mJ/cm2 laser fluence. These pictures were taken at the same area at the aforementioned
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different incubation times. It was found that the post-transfer cells can proliferate to
confluency as a temporal progression as shown in Figure 4.2 when incubated at 37°C and
5% CO2 in a humidified incubator. While the cells were still suspended in the cell
medium immediately after transfer, many living cells were well adhered to the bottom
and grew well after 24 hours. However, some post-transfer cells might be dead or
quiescent as shown in a round shape, floating inside the medium after 24 hours or later.
Excluding the survival cells with desired phenotypes and the necrosis cells, there should
be some survival but quiescent cells. As incubated under certain favorable conditions,
quiescent cells may be able to recover their original capabilities. It should be pointed out
that possible quiescent cells may also contribute to the cell proliferation capacity after
transfer. Future studies should have more specific analyses on cellular changes before
and after the process as well as tracking of quiescent cells to identify these quiescent
cells.
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Figure 4.2: Cell proliferation under a 258 mJ/cm2 laser fluence

The membrane of transferred HT-29 cells may be: lysed (broken), permeable, or
intact. For lysed cells, their cell membranes are seriously injured and fragmented in the
cell suspension, so they cannot be easily detected using trypan blue. Only cells with
permeable and intact membranes are considered here. For intact cell membrane HT-29
cells, the blue indicator turned colorless in the presence of active enzymes, thus
indicating living cells, as shown in Figure 4.3. For dead/injured cells with a cell
membrane structure, their cell membranes are permeable, resulting in a blue stain inside
the cells as shown in Figure 4.3.
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Post-transfer

Live cells

Dead cells
50 μm

Figure 4.3: Post-transfer HT-29 cells stained with trypan blue

As the cell DNA damage and cell differentiation in such a laser cell direct
writing has been studied using comet and immunocytochemistry assays, respectively
[Ringeisen2004, Vogel2007, koch2010], this study will not focus on this aspect. Instead,
the effects of operating conditions on the post-transfer cell viability are of interest in
fabricating biological constructs.

Effect of laser fluence on post-transfer cells

As shown in Figure 4.4, as the laser fluence increased from 258 to 1,482 mJ/cm²,
the experimental result of HT-29 cell viability decreased from 95% to 78% after
considering the effects of nominal apoptosis and other common experiment-induced
injury factors based on the control group. This relationship is mainly attributed to the
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laser-induced thermal and mechanical effects during the cell droplet formation and
ejection process, and the impact-induced mechanical effects during the cell droplet
landing process. To improve the cell viability during MAPLE DW, the applied laser
fluence should be carefully selected.
Figure 4.4 also shows measured cell droplet sizes at some representative laser
fluences: 258, 869, and 1,482 mJ/cm². The droplet volume was estimated based on the
measured contact angle and the shape of deposited droplets; and the droplet diameter of
interest was estimated by finding the equivalent spherical diameter based on the
measured droplet volume. Volume and diameter values were the average values of
measured droplets. All splashing volumes were relatively negligible under the
investigated laser fluence range and not counted. As observed in other MAPLE DW
studies [Lin2009a], the droplet diameter increased linearly with the increase of the
applied laser fluence, where the average droplet diameter herein is experimentally
determined as 5.64 × 10-2 F + 156.76 (μm), and F is the applied laser fluence (mJ/cm2).
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Figure 4.4: Cell viability and cell droplet diameter as a function of laser fluence (with
control considered)

To better understand process-induced cell injury, cell injury predictions using
the aforementioned two equations are studied in detail and compared as shown in Figure
4.5. The cell injury information was determined based on that of the cell viability. The
equation coefficients are determined as follows: C1 = 1.148 × 10 −4

cm 2 mJ −1 , C 2 =

1.021, C3 = 3.561, and C4 = 5.457 × 10 −4 cm2 mJ −1 based on the mean cell injury

experimental results under laser fluences 258, 458, 669, 869, 1,063, 1,262 and 1,482
mJ/cm2 using non-linear least-squares data fitting. It can be seen from Figure 4.5 that
both the cell injury models can adequately predict the process-induced cell injury under
all laser fluences. Their mean square errors at laser fluences from 258 to 1,482 mJ/cm2
are 0.403 for the Gompertz equation and 1.235 for the power-law equation. While there is
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no significant modeling performance difference, the Gompertz model provides a better
modeling capability in predicting the cell injury status under the investigated laser
fluence range (from 258 to 1,482 mJ/cm2). It should be pointed out that cell injury is
always a stress-time governed process. Effects of process duration on cell injury should
be studied in the future.
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Figure 4.5: Process-induced cell injury as a function of laser fluence

For post-transfer living cells, their proliferation capacity has been further studied
in terms of the proliferation ratio, which is defined as the ratio between the cell numbers
at a certain moment and immediately after transfer. As shown in Figure 4.6, the
proliferation capacity of post-transfer cells did not vary too much as the laser fluence
changed, and all the proliferation capacities followed a similar power law-based growth
function.
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Figure 4.6: Cell proliferation ability as a function of incubation time and laser fluence

Effect of direct-writing height on post-transfer cell viability

The effect of direct-writing height on the post-transfer cell viability is shown in
Figure 4.7. It can be seen that there was no noticeable viability difference under low laser
fluences (258 and 869 mJ/cm²). However, a larger height (29.3 mm) led to an almost 8%
viability improvement compared with that of 16.6 mm under a high laser fluence (1,482
mJ/cm²). Of course, this improvement using a larger height may be compromised by the
grossly poor registry of transferred cells.
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Figure 4.7: Cell viability as a function of direct-writing height (with control considered)

Effect of cell density on post-transfer cell viability

Figure 4.8 shows the effect of cell density on the post-transfer cell viability. The
cell viabilities are almost the same under the investigated cell densities: 1 × 106, 5 × 106,
and 1 × 107 cells/ml. It means that typical cell density from 1 × 106 to 1 × 107 cells/ml
may not affect the post-transfer cell viability too much during MAPLE DW.
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Figure 4.8: Cell viability as a function of cell density (with control considered)

4.3 Process-induced Cell Injury Reversibility

Generally, reversible cell injury is quantified as functional and morphologic
changes that are reversible if the damaging stress is removed. Indications of reversible
cell injuries and the early stages of irreversible injuries include cellular swelling (possible
loss of cell membrane integrity) and the accumulation of excess substances within a cell,
which reflect the cell’s inability to perform normal metabolic functions owing to
insufficient cellular energy or dysfunction of associated metabolic enzymes. It is
desirable that any possible biofabrication-induced cell injury is reversible under certain
operating conditions for biofabrication to be a viable technology.
Cellular reproduction is essential for the maintenance of life. Almost all cell
types, except some adult cells, such as nerve cells, lens cells of the eye and muscle cells,
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undergo mitosis during formation of the embryo. There are four phases in a cell
reproduction cycle as follows: the synthesis phase (S phase), in which DNA is
synthesized in the cell nucleus; the gap phase 2 (G2 phase), where RNA and protein
synthesis occurs, namely, the period between the completion of DNA synthesis and the
next phase (mitosis); the mitosis phase (M phase), which includes both nuclear and
cytoplasmic division; and the gap phase 1 (G1 phase), which is the period between the
mitosis phase and the start of DNA synthesis [Huether2008]. The cell reproduction cycle
difference depends on G1 phase, and other phases take a relatively constant amount of
time. The mechanisms that control cell division depend on genes and protein growth
factors. Protein growth factors, which are peptides (protein fractions) that transmit signals
within and between cells, govern the proliferation of different cell types. Thus, not only
nutrients, but also stimulatory chemical signals, are required for a cell to proliferate.
To study cell injury reversibility, it is very important to design an environment
that normal cell can survive/live but cannot proliferate for a long incubation time such as
twice doubling time. As discussed above, cell proliferation depends on two factors:
nutrient and cell growth factor. Up to date, no published literature reported such a cell
living environment, especially for mammalian cells. Although Chang, et al. (2008)
reported that HepG2 liver cells cannot proliferate in cross-linking alginate biopolymer
solution using calcium chloride solution, many published papers reported that cells can
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proliferate

inside

cross-linking

alginate

solution

[Cui2006,

Khattak2006,

de

Guzman2008]. One way to design such an environment is to use media without any
nutrient, such as phosphate buffered saline (PBS). Our experimental test showed that
HT-29 cells cannot survive in PBS for a long time such as their doubling time around 18
hours [Oikonomou2007]. A robust cell line such as yeast cell is selected to carry out this
cell injury reversibility study.
Since its discovery, yeast cell has been widely used as a research cell source due
to its well-characterized morphology, ease of genetic manipulation and dissection of
molecular mechanisms, small size and metabolic features, resemblance to highly
developed eukaryotic cells, and relative robustness with respect to cultivation conditions
[Baciu2001, Khodjakov2004]. Recently, it has been also used for the laser-cell
interaction studies such as the ultraviolet (UV) laser-induced yeast cell DNA damage
study and the laser-assisted yeast cell optical trapping and surgery [Negishi2006,
Ando2008]. The yeast cell suspension has also been selected as a model cell in this
MAPLE DW study to investigate process-induced cell injury reversibility.
The objective of this study is to investigate the effects of laser fluence on the
post-transfer yeast cell injury reversibility during MAPLE DW. The rest of this work is
organized as follows: first, the experimental materials and methods are illustrated in
detail; and then the effect of laser fluence on the yeast cell viability and cell injury
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reversibility are investigated.

4.3.1 Materials and Methods
Yeast cell culture

A single colony of Saccharomyces cerevisiae yeast was inoculated into a 10 ml
sabouraud dextrose broth (SDB, Becton Dickinson and Company, Sparks, MD) and
incubated in 37 ºC for 16 hours at a shaking speed of 200 rpm. The cultured yeast
solution had an OD600 (optical density at 600 nm wavelength) value close to 1.0
measured using a SmartSpec 3000 Spectrophotometer (Bio-Rad Laboratories, Hercules,
CA). The yeast solution was then centrifuged at 900 g for 3 minutes, and the resulting
pellet was resuspended in phosphate buffered saline (PBS). This centrifugation process
was repeated three times to remove SDB. The final yeast cell solution has a concentration
around 4 ~ 5 × 108 cells/ml.

Laser cell transfer process

The procedure of preparing quartz disk is the same as that of HT-29 cell printing.
The receiving substrate was the 24 well flat bottom plate and each well was filled with
0.5 ml PBS, which resulted in a 2.5 mm thick PBS coating inside each well. The
transferred cells were directly printed into the liquid media inside one of 24 wells. The
PBS solution in each well not only provided an impact cushion for the transferred yeast
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cells during landing but also provided a living medium for the transferred yeast cells.
Three control wells each with 20 μL yeast cell solution were also prepared to provide the
benchmark information about the yeast cell viability under a nominal condition.
The laser spot size was controlled as a 120 × 280 μm rectangle, and the laser
repetition rate was controlled at 50 Hz. Since the effect of the laser fluence on the cell
viability is of interest, the laser fluence was varied from 85 to 1,500 mJ/cm² during the
experiment, and the actual laser fluence during each printing was determined based on
100 laser pulses. The measurement laser fluences were 85 ± 8, 284 ± 14, 468 ± 15, 658 ±
13, 883 ± 15, 1,063 ± 20, 1,288 ± 23, 1,498 ± 30 mJ/cm2. Under each fluence level, 1,000
laser pulses were applied at different locations of a newly-coated quartz disk to transfer
the cell culture to a well. The cell transfer process was repeated six times into two
different multiwell plates (each with three time transfers in three different wells) for each
laser fluence. Transferred cells in one plate were tested for cell viability immediately
after printing, while those in the other plate were incubated only in PBS at room
temperature for 24 hours before the cell viability test was performed. Each well was
tested individually.

Viability test

Yeast cell viability was tested using the methylene blue staining method, which
is a common practice for brewers to calculate yeast inoculation rates. The blue indicator
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turns colorless in the presence of active enzymes, thus indicating living cells. However, if
it stays blue it doesn’t mean that the cell is dead - the enzymes could be
inactive/denatured. Although the use of methylene blue as an indicator for non-viability
is contentious, it is usually employed as a standard in industrial and scientific applications
[Smith2000, Lange2001, Coutinho2005, Chlup2007, Ren2008]. In this study, the yeast
cell viability test was performed using the methylene blue dye (stain II, 200 mg/L)
(Sigma Diagnostics, St Louis, MO). The methylene blue dye was added into each well at
a 1:1 volume ratio, and the live/dead yeast cells were counted using a hemocytometer
after 20 minutes. Transparent cells are live, and blue cells are dead. Each well sample
was counted twice to get an average cell viability value.

4.3.2 Results
Representative observations in direct writing of yeast cells

Figure 4.9 shows some post-transfer live and dead/injured yeast cells. Similar to
HT-29 cells stained with trypan blue, the membrane of transferred yeast cells may be:
lysis (broken), permeable, and intact. For lysis cells, their cell membranes are seriously
damaged and dissolved in the cell solution, so they cannot be counted directly using
methylene blue. Only cells with permeable and intact membranes are considered here.
For intact cell membrane yeast cells, the blue indicator turned colorless in the
presence of active enzymes, thus indicating living cells [Kucsera2000], as shown in
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Figure 4.9 (a). For dead/injured cells with a cell membrane structure, their cell
membranes are permeable, resulting in a blue stain inside the cells as shown in Figure 4.9
(b). However, it should be noted that methylene blue may overestimate the cell death
ratio a few percentage points [Chlup2007], since methylene blue can inhibit the yeast
respiration as it picks up hydrogen ions during the process and prevent the yeast cells
from using those ions to release energy. In turn, this leads to the inactivity or denaturation
of the enzymes of yeast cells.

A

B

Post- transfer

(a)

Post- transfer

(b)

Figure 4.9: Post-transfer yeast cells treated with methylene blue: (a) live cells and (b)
dead/injured cells

Cell injury reversibility

The injury during MAPLE DW has been studied to investigate whether the cell
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injury is reversible or not. Only the experimental data with a laser fluence of around 500
mJ/cm² or higher are presented here since the transferred cell concentration was too low
to have a good quantification study under lower laser fluences. As shown in Figure 4.10(a)
(test immediately), as the laser fluence increased from 500 to 1,500 mJ/cm², the yeast cell
viability decreased from 80% to 50% (after considering the nominal apoptosis based on
the control group). This cell viability is much lower than that of HT-29 under the similar
laser fluence, due to the tough environment of PBS for yeast cells. Figure 4.10 (b) shows
the viabilities immediately after MAPLE DW and 24 hours after MAPLE DW. There is a
measureable difference in viability immediately post-transfer and 24-hour post-transfer.
No significant changes in viable cell count were observed for control groups, which were
not subjected to MAPLE DW, after a 24-hour incubation in PBS. This indicates that PBS
along maintains cell viability but does not support cell growth. The fact that experimental
groups did show an increase in viable cell count supports the hypothesis that injuries
received by yeast cells during the MAPLE DW process are likely reversible within the
resolution of this measurement. Such injuries might be enzyme denaturation, permeable
membrane and cell wall or other cellular stresses and physical damages during MAPLE
DW. A 24-hour recovery period was chosen in this study since the nominal yeast
generation time is ~ 7 hours and it was considered that 24 hours should be sufficient for
yeast cells to recover if they can. As observed in a cell dispensing study [Chang2008], the
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significant cell injury recovery from mechanical process–induced injury appeared to take
place over the first 24 hours with no significant cell reversibility thereafter.
Figure 4.11 further demonstrates the yeast cell reversible capabilities under
various laser fluences. It is observed that there was no significantly dependent
relationship between the cell recovery capability and the laser fluence, especially under
the laser fluences of 883 and 1,288 mJ/cm². For the investigated laser fluence range, the
yeast cell always had the similar recovery ratios while this ratio was slightly high under
higher laser fluences. A similar post-transfer cell injury recovery has also been reported
in dispensing HepG2 liver cells [Chang2008].
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Figure 4.10: Cell injury reversibility during the laser direct writing: (a) the control effect
was not considered; and (b) the control effect was considered
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Figure 4.11: Cell recovery during the laser direct writing: (a) the control effect was not
considered; and (b) the control effect was considered

4.4 Discussion on Process-induced Cell Injury and Cell Injury Reversibility

Conventional laser deposition techniques such as matrix-assisted pulsed-laser
evaporation (MAPLE) and pulsed laser deposition (PLD) are vacuum deposition
techniques, while MAPLE DW is operated in the ambient environment. The study of cell
droplet formation and its dynamics travelling in the air is important to understand this
unique characteristic of the MAPLE DW and its process-induced cell injury. For cell
injury, there usually is a time lag between the stress and the morphologic changes during
cell injury or death, and this time lag varies with the sensitivity of methods used to detect
these changes [Kumar2004]. If cell injury is simply classified as the mechanical cell
injury and the biochemical injury, then the biochemical injury is not immediately obvious
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and takes a time scale of the order of a cell-generation time before changes can be
detected; and the mechanical cell injury takes place instantaneously and is immediately
detectable [Mardikar2000]. To elucidate the cell injury mechanism during the laser cell
transfer process, the dynamics of cell droplet in the air, the potential mechanical, thermal,
UV injury and cell injury reversibility during MAPLE DW are discussed in the
following.

4.4.1 Cell Droplet and its Dynamics in the Air

The cell viability difference (at 1,482 mJ/cm²) as shown in Figure 4.7 is
attributed to the combined deceleration effects due to the Newtonian friction and the
Stokes friction when a cell droplet travels through the ambient air till landing. At higher
laser fluences, the cell droplet formed is usually larger as seen from Figure 4.4; a larger
diameter droplet leads to larger friction coefficients of both the Newtonian friction
(second order, ∝ D 2 ) and the Stokes friction (linear, ∝ D ), where D stands for the
droplet diameter. It is assumed that a long travel distance may slow down the landing
velocity of larger cell droplets more significantly due to the pronounced friction-induced
damping effect. This deceleration then helps reduce the impact-induced cell injury and/or
death.
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4.4.2 Mechanical Injury

The process-induced mechanical stress during MAPLE DW may come from two
different processes: the cell droplet formation (acceleration) and the cell droplet landing
on the receiving substrate (deceleration). During the droplet formation, the cell droplet is
generated due to the expansion of the formed bubble, which is the result of the
laser-matrix material interaction. The rapid expansion due to the high pressure inside the
bubble accelerates the forming cell droplet, and such an acceleration can be as high as 105
~ 109 g and the resulting droplet velocity can be as high as the order of 10 m/s to the
order of 100 m/s during laser-assisted cell transfer [Young2001, Barron2005b,
Hopp2005a,b, Duocastella2008,2009, Brown2010]; the higher the laser fluence, the
higher the pressure, resulting in a higher acceleration/velocity. The impact during the cell
droplet landing process also brings a significantly higher deceleration to the transferred
cells as simulated [Wang2008], and the cell viability was found to be closely related to
the thickness of the receiving substrate coating [Ringeisen2004]. Higher laser fluences
introduce higher cell droplet accelerations during the cell droplet formation process and
higher cell droplet decelerations during the cell droplet landing process [Wang2008]. As
recognized, the process-induced high acceleration (or deceleration) and velocity can
easily lead to severe cell injury or death as observed in the centrifugal force-induced cell
injury studies [Leverett1972, Thoumine1996]. In this study, the dependence of the cell
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viability on the laser fluence has proved the existence of mechanical injury because a
higher laser fluence led to a higher cell acceleration (or deceleration) and velocity,
resulting in the lower cell viability. It should be pointed out that it is acceleration (or
deceleration)-induced normal/shear stress, strain, and/or strain rate that injures cells being
transferred in less than 5 microseconds [Wang2008].

4.4.3 Thermal Injury

The process-induced thermal injury to cells or tissues might be of concern as the
laser energy absorbed causes the deactivation of enzymes, denaturation of proteins, and
vaporization/carbonization of cells. Depending on the laser energy-induced temperature
rise and its duration, thermal injury can be classified into four stages: hyperthermia,
coagulation (denaturation), vaporization, and carbonization as illustrated in Figure 4.12
[Niemz2007]. Coagulation, vaporization and carbonization can induce irreparable injury,
so that they can be categorized as irreversible injury even for a short time duration.
Hyperthermia can be either a reversible or an irreversible injury, which depends on
material properties of tissue and the thermal sources.
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Figure 4.12: Location of thermal effects inside biological materials

In fact, thermal injury to biological materials is always a temperature-time
governed process [Welch1995]. For a laser pulse duration longer than 10 μs, an
Arrhenius-type activation process is considered as the dominant thermal injury
mechanism [Birngruber1985, Sentrayan2001]. For a laser pulse duration less than 1 μs,
the bubble formation-induced pressure is the dominant mechanism for damage
[Hansen1968, Gerstman1996]. During the 12 ns laser pulse duration in this study, the
thermal penetration depth due to the Fourier heat conduction is a few micrometers as the
whole cell droplet formation usually happens within a few microseconds. The thermal
penetration depth herein is estimated as

αt , where α is the thermal diffusivity of the

coating and taken as 1.38 × 10-7 m2/s as water is the main component of the cell
suspension coating and t is the process duration. Compared with the typical coating
thickness (around 100 μm), the possible heat affected zone and the resulting thermal
injury is considered negligible.
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4.4.4 UV Injury

UV radiation from laser pulses can also effectively kill living cells; fortunately,
there should be no direct interaction between UV light and any cells being transferred in
MAPLE DW. The transfer process was performed through the interaction between UV
light and a UV light-absorbing matrix (here it is the water-based cell medium) instead of
cells. Furthermore, UV light in MAPLE DW is well constrained inside a confined
volume at the quartz and the coating interface as discussed below. The pulsed laser
fluence threshold for photochemical DNA damage was reported as small as 4 mJ/cm² in
studying the DNA damage of normal human fibroblasts (NHF) and Chinese hamster
ovary cells using 193-nm radiation [Kochevar1990]. Water and other cell medium
components are considered the laser energy-absorbing matrix materials in MAPLE DW,
the absorption coefficient at 193 nm is assumed as 10 4 cm-1. While the pure water has a
very low absorption coefficient (around 0.10 cm-1) at 193 nm, this 10 4 cm-1 absorption
coefficient assumption is considered reasonable as water-based biological solutions may
have a larger absorption coefficient due to the nonlinear effect. It was found that the
absorption coefficient of water-based collagen solution (over 80% of water) was as high
as 16,000 cm-1 at 193 nm [Fisher2004]. Possible blue shift effect may also bring the
absorption coefficient of pure water at 193 nm to be around 10 4 cm-1 [Staveteig1996].
Using the Beer–Lambert law, the injury threshold depth is estimated just around 5 μm
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under a 1,000 mJ/cm² using the 4 mJ/cm² threshold laser fluence [Kochevar1990] and the

10 4 cm-1 absorption coefficient of the energy absorbing matrix. For a 100 μm thick
coating in this study, it means that only 5 % of coating is affected by UV radiation (193
nm), and this should result in very limited UV radiation-related injury to cells. As a
matter of fact, comet assay of DNA damage showed that UV injury in MAPLE DW was
not detected within the limit of the assay [Ringeisen2004], laser micro-dissection and
laser pressure catapulting [Vogel2007]. Even under high laser fluences (up to 6 J/cm2),
comet assay of DNA damage indicated that only 3% ~ 12% of the specimen was affected
by UV radiation in laser micro-dissection and laser pressure catapulting [Vogel2007]. It
would be important to note that different forms of absorbing film-assisted depositions or
sacrificial layers would also reduce this percentage to a much lower number. Therefore, it
is considered that UV radiation-induced injury is negligible.

4.4.5 Reversible Cell Injury

As seen from Figure 4.11, some injured yeast cells can recover from the MAPLE
DW process-induced injury. Excluding the survival cells with desired phenotypes and the
necrosis cells, there should be some survival but quiescent cells. As incubated under
certain favorable conditions, quiescent cells may also demonstrate three further behaviors:
(1) sustaining mechanical stress but able to recover original capabilities, (2) phenotypic
change and/or dedifferentiation, or (3) having undergone damage leading to apoptosis
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[Chang2008].
As no cell proliferation of the control group was observed throughout the study
period, the increases in cell viability over time are attributed to cell recovery from the
process-induced mechanical injury. There is no significantly dependent between the
recovery percentage and the laser fluence as seen from Figure 4.11, which indicates that
differences in the severity and type of mechanical injury on the transferred yeast cells. By
comparing the effects of laser fluence on the post-transfer cell viability and the cell
recovery, it is concluded: 1) the mechanical injury, which can be observed immediately,
is mainly controlled by the laser fluence; 2) the biochemical injury, which can only be
detected after a cell generation, might be controlled by thermal injury, UV injury, and/or
mechanical injury-induced secondary injury; and 3) some process-induced cell injuries
are reversible.

4.5 Conclusions

Laser direct writing of the human colon cancer HT-29 cells and yeast cells using
MAPLE DW has been studied to elucidate the effects of operating conditions on the
post-transfer cell viability, cell proliferation and cell injury reversibility. While MAPLE
DW is of interest in this study, the resulting observations are expected to be applicable to
other laser-induced forward transfer studies. Some conclusions in MAPLE DW are drawn
as follows:
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1) The HT-29 cell viability decreases as the laser fluence increases from 258 to
1,482 mJ/cm², and the post-transfer cell proliferation capacity does not vary
significantly as the laser fluence changes;
2) The direct-writing height does not have a noticeable effect on the post-transfer
cell viability under low laser fluences (258 and 869 mJ/cm²). However, a larger
height (29.3 mm) leads to an almost 8% viability improvement compared with
that of 16.6 mm under a high laser fluence (1,482 mJ/cm²), because cell injury
due to cell landing is significant at higher laser fluence and the increase of direct
writing height can help reduce impact velocity and improve post-transfer cell
viability at higher laser fluences. It should be pointed out that this improvement
using a larger height may be compromised by the grossly poor registry of
transferred cells in practical direct writing;
3) The post-transfer cell viability is not dependent on the cell density for a range
from 1 × 106 to 1 × 107 cells/ml; and
4) Some of the MAPLE DW process-induced cell injuries are reversible. The
post-transfer cell injury reversibility is a function of laser fluence; however, this
dependent relationship is not significant.
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CHAPTER FIVE
A METALLIC FOIL-ASSISTED LIFT TECHNIQUE

Abstract

While many modified laser-induced forward transfer (LIFT)-based cell direct
writing successes have been achieved, possible process-induced cell injury and death is
still a big hurdle for laser direct writing to be a viable technology. Fabrication of highly
viscous microspheres with controllable size has always been an exciting manufacturing
challenge. A metallic foil-assisted LIFT approach has been proposed to fabricate highly
viscous alginate microspheres and transfer HT-29 mammalian cells. It has been found
that the proposed metallic foil-assisted LIFT is a promising fabrication technology for
making encapsulated microspheres from highly viscous solutions and transferring HT-29
mammalian cells with high post-transfer cell viability when compared with other
conventional modified LIFT technologies such as MAPLE DW.

5.1 Introduction

Among various maskless cell direct-write technologies, modified LIFT has been
successfully used to print and pattern living cell-based patterns and constructs
[Ringeisen2004, Barron2004b, Hopp2004, Lin2009b, Lin2010]. Compared with
inkjet-based cell direct writing, modified LIFT has no strict requirement on material
viscosity and does not introduce orifice shearing-induced stress. Modified LIFT can be
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implemented mainly in two different ways: 1) with a sacrificial energy conversion layer
such as Biological Laser Printing (BioLP) [Barron2004b] and absorbing film-assisted
(AFA) LIFT [Hopp2004] where the sacrificial layer absorbs the laser pulse energy,
causing extreme heating and evaporation of the sacrificial layer and/or a small portion of
the coating to form a vapor/plasma bubble; and 2) without any sacrificial layer such as
matrix-assisted pulsed-laser evaporation direct-write (MAPLE DW) where the laser pulse
energy is mostly absorbed by some specifically selected, high absorption coefficient
matrix material, causing extreme heating and evaporation of a small portion of the
coating to form a vapor/plasma bubble [Ringeisen2004, Lin2009b]. Recently, the first
approach has emerged as a favored cell transfer method since it can minimize the direct
interaction between the laser pulse and materials to be transferred while absorbing much
of the incident laser energy [Gu2002, Kattamis2007]. Various sacrificial materials have
been tested including silver [Hopp2004], gold [Barron2004b, Koch2009], titanium
[Serra2004a, Barron2004b, Colina2006], titanium oxide [Barron2004b], triazene
[Doraiswamy2006], and polyimide [Kattamis2007]. The typical thickness of metallic
sacrificial film is of the order of 10 nm, while the typical thickness of polymeric film is of
the order of 100 nm [Doraiswamy2006] to 1 μm [Kattamis2007, Brown2010]. However,
this thin laser absorbing film may be ruptured in addition to vaporization and the ruptured
portion is further ejected out as part of the formed droplet, introducing possible
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contamination and damage to materials being transferred.
While many modified LIFT-based cell direct writing successes have been
achieved, possible process-induced cell injury and death is still a big hurdle for it to be a
viable technology [Ringeisen2004, Lin2009b, 2010]. It is always of great interest to
improve the modified LIFT process for better cell transfer performance.
Encapsulated microspheres have been widely used in various biomedical
applications such as controlled drug delivery [Kiser1998], cell encapsulation [Orive2003],
immunobioengineering [Hubbell2009], and cellular spheroid-based tissue engineering
[Lin2008a]. Among different biomaterials used to encapsulate biological materials,
alginate hydrogels are often favored due to their resemblance of natural extracellular
matrix (ECM) [Tan2007] and property as an immunoisolation barrier for cells. Additional
advantageous characteristics of alginate microspheres are their surface smoothness and
mechanically stable nature. Different microspheres, mostly alginate-based, have been
fabricated from the sodium alginate (NaC6H7O6 or NaAlg) solution using various
approaches such as mechanical dispersion [Neufeld2004, Soni2010], electrostatic
spraying

[Zhang2009],

spinning

disk

atomization

[Senuma2000],

jet

cutting

[Pruesse2004], microfluidic channel-based droplet formation fabrication [Tan2007,
Workman2008], and ink jetting [Berkland2001, Xu2008], to name a few.
However, the high viscosity of alginate solutions, especially for high alginate
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concentration solutions, brings interesting manufacturing challenges in making alginate
microspheres. For most fabrication processes, the sodium alginate concentration is
recommended to be below 2% (w/v) due to the viscid and non-Newtonian behavior of
high alginate concentration solutions. Thus far, there is still no technically feasible
approach to make highly viscous alginate content microspheres with uniform size
distribution using sodium alginate solutions with concentration higher than 2%. Such
high content alginate microspheres have attracted increasing attention from biofabrication
to clinical community for their ability to slow down drug release [Liew2006, Soni2010]
and inhibit the scar formation process [Nagakura2005].
The objective of this study is to develop a laser-based technique that can not
only fabricate uniform highly viscous sodium alginate microspheres but also print
mammalian cells without contamination and with little cell injury. The rest of this chapter
is organized as follows: first, the proposed metallic foil-assisted LIFT approach is
introduced; then fabrication of highly viscous sodium alginate microspheres using the
proposed approach is carried out; further, post-transfer cell viability of HT-29 cells using
the proposed approach is also investigated; and finally, comparison between the proposed
approach and MAPLE DW is discussed.

5.2 Proposed Metallic Foil-assisted LIFT Technique

The proposed metallic foil-assisted LIFT setup is illustrated in Figure 5.1. The
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whole direct-write system is composed of a 193 nm ultraviolet (UV) pulsed laser, a
four-layer structure, and a computer-controlled receiving substrate for the transferred
material. The four-layer structure (also named as ribbon) includes a UV transparent
quartz disk support, a sacrificial energy conversion layer which is also adhesive, a
metallic foil, and a biological material coating to be transferred. During the direct-write
process, the laser pulse is directed perpendicularly through the backside of the quartz disk
and focused on the sacrificial layer, which absorbs most of the incident laser energy. The
absorbed energy sublimes the sacrificial layer material at the laser focal point, generating
an expanding high pressure and high temperature vapor and/or plasma bubble. The
bubble formation-induced compressive stress wave indirectly expels the beneath
biological material coating via the metallic foil, forming a cell droplet. The working
mechanism herein is similar to the generation and detection of acoustic waves in liquid
and solid media using pulsed lasers [Park1996, Ko2007] and the droplet formation using
the piezoelectric transducer-induced acoustic wave [Lee2007].
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Figure 5.1: Schematic of proposed metallic foil-assisted LIFT technique

5.3 Highly Viscous Alginate Microspheres Fabrication

The objective of this study is to explore a novel metallic foil-assisted
laser-induced forward transfer (LIFT), a laser-assisted fabrication technique, to make
encapsulated microspheres using high sodium alginate concentration solutions. As cell
encapsulation and drug delivery is of great interest in future studies [Rezende2009],
sodium alginate has been selected as the microsphere matrix material in this study.
Calcium chloride (CaCl2) has been used to help the formation of gel structure as the
calcium ions displace the sodium ions to form a three-dimensional, insoluble gel network.
While sodium alginate has been selected as a model material in this study, the resulting
knowledge is applicable to other microsphere fabrication using other materials. Glycerol
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was added into sodium alginate solution for its wide biomedical applications as a
common component of culture medium and its low vapor pressure limits evaporation and
potential drying of biomaterials [Barron2005a]. FluoSpheres® beads from Molecular
Probes, Inc. (Eugene, OR) were used to simulate cells and drug particles.
The rest of this work is organized as follows: first, the materials and methods are
introduced, followed by experimental observation of encapsulated microspheres; then the
microsphere droplet formation mechanism is further analyzed; and finally, the effects of
laser fluence and sodium alginate concentration on the cell droplet size per laser pulse
and encapsulated microspheres size distribution are discussed.

5.3.1 Materials and Methods
Material preparation

Sodium alginate (Sigma-Aldrich, St. Louis, MO) and deionized water were used
to prepare the sodium alginate solutions with different high concentrations such as 2%,
4% and 6% (w/v: gram sodium alginate per 100 ml deionized water). To prevent
evaporation and drying of alginate solutions during fabrication, 10% (v/v) glycerol
(Acros Organics, Fair Lawn, NJ, 99% pure) was added into the sodium alginate solutions.
FluoSpheres® polystyrene 10 µm microspheres, which were yellow-green fluorescent
(505/515) (Molecular Probes, Eugene, OR), were added into the sodium alginate
solutions with a final density of 7.2 × 106 beads/ml as the material to be encapsulated.
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The solution inside the receiving container was 2% (w/v) calcium chloride dihydrate
(Sigma-Aldrich, St. Louis, MO) solution, which functioned as a cross-linking agent for
the formation of alginate gel structure.
The proposed four-layer structure included a quartz, a 10 μm sacrificial and
adhesive layer, a 25 μm brass foil, and a 100 μm alginate coating layer as shown in
Figure 5.1. Quartz disk was an Edmund optics quartz flat (Edmund optics, Barrington, NJ,
85% transmittance at 193 nm); the sacrificial and adhesive layer between the quartz and
the metallic foil was cyanoacrylate-based Duro super glue (Manco Inc, Avon, OH); and
the metallic foil was a brass foil (Artus Corporation, Englewood, NJ), which was
uniformly attached to the quartz disk using cyanoacrylate glue. While the Duro super
glue and brass foil were used as the adhesive and protective layers, respectively, in this
study, other adhesives and flexible thin foils should also be explored in future studies for
improved reusability.
During each experiment, the metallic foil was washed with 70% ethanol and
then rinsed with deionized water. A 3M Scotch tape was used to make a 1.5 × 1.5 cm
well with a 100 μm depth on the dried metallic foil. Then, 20 μl of sodium alginate
solution was pipetted into the well, resulting in an approximately 80 ~ 100 μm thick
coating. A newly coated four-layer structure quartz disk was prepared for each
fabrication process.
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Experimental designs

Three different experiments have been designed to investigate the highly viscous
microsphere fabrication process using the proposed laser-assisted approach. The first
experiment was to study the transient phase of the microsphere formation process using
different sodium alginate solutions (without beads), and shallow wells were used as the
receiving substrate of fabricated microspheres. The shallow well was filled with a 1 mm
thick calcium chloride solution. The direct-writing height was firstly set to 250 μm, the
minimum direct-writing height defined by the experimental setup. Then the critical
direct-writing height, which is defined as the minimum direct-writing height under which
the transferred microspheres have no long-tailed structure, was determined by adjusting
the receiving substrate height. Under each laser fluence, 200 microspheres of different
sodium alginate solutions were transferred individually into the shallow receiving well by
applying 200 laser pulses at different locations on a newly-coated quartz disk. Once the
transferred microsphere and/or jet contacted the calcium chloride solution, the calcium
ions displaced the sodium ions to form a gel network and instantaneously maintained the
transient shape of transferred materials.
The second experiment was to fabricate alginate microspheres with fluorescence
polystyrene beads encapsulated. A 24-well flat bottom microtiter plate, each well filled
with a 1 mm thick calcium chloride solution, was used as the receiving substrate with a
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typical direct-writing height of 16.6 mm. It was found that this height provided a
sufficient space for a microsphere to form after ejection. Under each laser fluence, 200
microspheres of different sodium alginate-bead solutions were transferred individually
into a well by applying 200 laser pulses at different locations on a newly-coated quartz
disk.
The last experiment was to study the effects of laser fluence and sodium alginate
concentrations on the microsphere size in fabricating encapsulated microspheres. Petri
dish was used as the receiving substrate, and the direct-writing height was 250 μm. Under
each laser fluence, 200 microspheres of different sodium alginate-bead solutions were
transferred individually by applying 200 laser pulses at different locations on a
newly-coated quartz disk.

Operating conditions

An ArF excimer laser (Coherent ExciStar, 193 nm, 12 ns FWHM duration) was
selected as the laser pulse source for the proposed metallic foil-assisted LIFT system. The
laser spot size was controlled to 150 μm in diameter, and the laser repetition rate was
controlled at 10 Hz. The receiving substrate was controlled using an Aerotech XYZ
translation stage. The XYZ stage velocity was 10 mm/s, resulting in a 1 mm interval
distance after each laser firing.
The applied laser fluence was varied from about 500 to 7,000 mJ/cm², and its
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actual value was determined based on the average of 100 laser pulse measurements using
a Coherent FieldMax laser power/energy meter. The measured laser fluences were 490
± 11, 962 ± 13, 2,039 ± 29, 3,858 ± 34, 5,532 ± 43, 7,239 ± 48 mJ/cm².

Figure 5.2(b) and (c) shows the representative surface topography of metallic foil after
fabrication. It can be easily seen that the cyanoacrylate on the back side of foil was
evaporated and there was no metallic foil rupture, meaning the through-foil stress wave
was mainly responsible for microsphere formation. During fabrication, the laser-induced
stress wave was strong enough to form a microsphere but not enough to rupture the
metallic foil, which is expected using the proposed metallic foil-assisted technology.

Spot where
cyanoacrylate glue
was evaporated
Laser pulse
Back side

(b) Adhesive layer and metallic foil
Front side

(a) Droplet formation mechanism

(c) Metallic foil

Figure 5.2: Metallic foil after cell transfer under laser fluence 7,239 ± 48 mJ/cm²
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5.3.2 Results and Discussion
Microsphere formation mechanism

As introduced before, it is the bubble formation-induced stress wave that ejects
the alginate coating as a microsphere away from the quartz support. The microsphere is
initially ejected as a jet and/or long-tailed droplet as shown in Figure 5.3(a); then the
long-tailed structure breaks up and retracts into a primary microsphere and/or satellite
microspheres as shown in Figure 5.3(b) if sufficient time / direct-writing height is given.
This process dynamics can be further appreciated using Figure 5.3. The first
experimental setup has been used to capture the transient phase of microsphere formation
process since the sodium alginate solution instantaneously gels upon contact with the
calcium chloride solution. By carefully selecting the direct-writing height, such
instantaneous gelation can be introduced to investigate the shape of forming
jet/microsphere at any moment without using a sophisticated imaging system. Results of
two representative direct-writing heights (250 μm and 16.6 mm) are presented in Figure
5.3. The 250 μm height was the minimum height of the experimental setup; and the 16.6
mm height was experimentally proved to be high enough for the primary microsphere
and satellite microspheres to form after breakup as seen from Figure 5.3. Similar jet
breakup and droplet formation process has also been observed in ink jetting [Dong2006]
and laser transferring [Duocastella2009] of the glycerol-water solution.
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(a)

(b)
Figure 5.3: Microsphere formation process illustration (6% sodium alginate solution,
2,039 ± 29 mJ/cm² laser fluence, and both after gelation): (a) long-tailed microspheres
after a 250 μm direct-writing height, and (b) round microspheres after a 16.6 mm
direct-writing height
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Figure 5.4: Critical direct-writing heights for different alginate concentrations and laser
fluences as (a) measured and (b) predicted

The critical direct-writing height is a function of rheological properties of the
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coating material and laser fluence as shown in Figure 5.4. The viscosities of 2%, 4%, and
6% alginate solutions used in this study were found as 94 ± 1, 694 ± 4, and 2,618 ± 14
mPa·s, respectively, using a Brookfield viscometer with corresponding 37%, 35% and
52% loading. While there are significant viscosity differences among these high alginate
concentration solutions, there is no pronounced difference among their critical
direct-writing heights under a given laser fluence as seen from Figure 5.4. However, the
critical direct-writing height is quite sensitive to and increases with the applied laser
fluence. It is concluded that the critical direct-writing height largely depends on the
applied laser fluence.
To further elucidate the effect of laser fluence on the critical direct-writing
height, a power-law model is proposed as follows based on the power-law relationship
between the length of jet separation/breakup and the jet velocity for viscous materials
[Coussot2005]:
n

H cr = Lσ υ n+1

(5.1)

where H cr is the critical direct-writing height, Lσ is the capillary length defined as

Lσ =

σ
, Δρ = ρ − ρ air , σ and ρ are the surface tension and density of alginate
Δρg

solution, respectively, ρ air is the density of air, g is the gravitational constant, υ is the
jet velocity, and n is the power-law fluid behavior index and is assumed as 0.7 for all 2%,
4% and 6% NaAlg solutions based on the experimental studies [Khalil2005, Tian2009].
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Under this experimental setup, Δρ is simplified as 1,000 kg/m3, σ is
interpolated from the experimental data [Moon2009] as 75.05, 85.11, and 95.17 mN/m
for 2%, 4%, and 6% NaAlg solutions, respectively, and the jet velocity is estimated as
2.02 × 10-3 F + 1.67 (m/s) based on the 2% experimental measurements, where F is the
applied laser fluence (mJ/cm²). Figure 5.4(b) shows that the critical direct-writing height
can be reasonably predicted using Eq. (5.1). Both theoretical predictions and
experimental results show that the critical direct-writing height depends on the capillary
length and laser fluence while the viscosity has less pronounced effect on the critical
direct-writing height. If the critical direct-writing height is identified, the microsphere
fabrication dynamics can be illustrated in Figure 5.5.

Laser pulse
Microsphere formation and ejection
under laser-induced stress wave
Ejected
microspheres
N

H ≥ H cr ?

Y

Spherical
microspheres

Microspheres with
long-tailed structure

Figure 5.5: Flow chart of microsphere fabrication dynamics (where H is the
direct-writing height, and H cr is the critical direct-writing height)
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Typical encapsulated microspheres

(a)

(b)

Figure 5.6: Post-transfer 6% NaAlg–bead solution based microspheres after gelation
under a 2,039 ± 29 mJ/cm²: (a) encapsulated microspheres in CaCl2 solution (black dots
represent encapsulated fluorescent beads); and (b) the corresponding fluorescent
micrograph (bright dots represent encapsulated fluorescent beads)

Figure 5.6 shows some encapsulated microspheres suspending in the CaCl2
solution under a 16.6 mm direct-writing height. Microspheres with a relatively narrow
size distribution are shown in Figure 5.6(a). The typical number of encapsulated beads
per microsphere should be 2 ~ 5 beads based on the microsphere size and bead density,
and the bead number for a 100 μm (diameter) microsphere is 2.83 as shown in Figure
5.6(a). Fluorescent micrograph further shows that beads are well encapsulated in the
encapsulated microspheres as shown in Figure 5.6(b), proving the proposed approach as a
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feasible technique to fabricate encapsulated microspheres of highly viscous materials
such as alginates.

Effect of laser fluence on microsphere diameter

As seen from Figure 5.7, the encapsulated microsphere diameter linearly
increases the applied laser fluence as observed in other modified LIFT studies using a
sacrificial layer [Kattamis2007] or using a matrix material only [Lin2009a]. However, the
laser fluence should be higher than a certain threshold to form microspheres since a
sufficiently high stress wave is needed to deform the metallic foil and further eject part of
the alginate coating. There was no microsphere observed under laser fluence 490 ± 11
and 962 ± 13 mJ/cm². Generally, there is a linear relationship between the laser fluence
and the droplet diameter. Assuming this energy conversion ratio does not vary too much
during the process, the converted mechanical energy should linearly increase with the
applied laser fluence, which leads to a linear increase of the droplet diameter as shown in
Figure 5.7.
By assuming a linear relationship between the microsphere diameter and the
laser fluence, it is found that the linear fitting slopes in Figure 5.7 are 0.007, 0.006 and
0.006 for 2%, 4% and 6% solutions, respectively; the slope difference among three
solutions is negligible. The observed slope is one-order lower than that of MAPLE DW
of glycerol-water solutions, which ranged from 0.06 to 0.18 [Lin2009a], meaning that the
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microsphere diameter is less sensitive to the laser fluence using the proposed method. It
is attributed to the existence of the metallic foil which may effectively attenuate the
laser-induced stress wave.
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Figure 5.7: Effect of laser fluence on microsphere diameter

Effect of sodium alginate concentration on microsphere diameter

It is also found that the encapsulated microsphere diameter decreases with the
sodium alginate concentration under a given laser fluence as shown in Figure 5.8. For 2%,
4% and 6% NaAlg solutions studied, there are relatively small differences among their
densities (less than 10%) and surface tensions (less than 30%); however, there is a
pronounced difference among their viscosities (more than 25 times between 2% and 6%
solutions). As so, more energy is dissipated during microsphere formation using a higher
alginate concentration solution, resulting in a smaller microsphere diameter. The similar
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tendency was observed in making highly viscous glycerol-water droplets (≥50% ( v/v),
≥7.33 mPa·s) using MAPLE DW [Lin2009a]. It is also interesting to note that the slope
difference between 2% and 4% is larger than that between 4% and 6% due to their
viscosity differences (94, 694, and 2,618 mPa·s for 2%, 4% and 6% solutions).
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Figure 5.8: Effect of NaAlg concentrations on microsphere diameter

5.4 Cell Printing Using Proposed Approach

Although many modified LIFT-based cell direct writing successes have been
achieved, possible process-induced cell injury and death is still a big hurdle for it to be a
viable technology [Ringeisen2004, Lin2009b, Lin2010]. It is always of great interest to
improve the modified LIFT process for better cell transfer performance. The objective of
this study is to apply the proposed metallic foil-assisted LIFT to achieve better droplet
size control and increase cell viability in direct writing of human colon cancer cells
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(HT-29). The rest of this work is organized as follows: first, materials and methods are
introduced; and then the effects of laser fluence on the cell number and droplet size per
laser pulse and the post-transfer cell viability are discussed.

5.4.1 Materials and Methods

HT-29 cell culture preparation is the same as previous chapter. The ribbon
preparation is the same as highly viscous fabrication. Receiving substrate preparation and
cell printing strategy are the same as previous chapter. Since the effects of the laser
fluence on the droplet diameter, the post-transfer cell number per pulse, and the
post-transfer cell viability were of interest, the laser fluence was varied from about 1,500
to 7,000 mJ/cm² during the experiment, and the actual laser fluence during each printing
was determined based on the average of 100 laser pulse measurements using a FieldMax
laser power/energy meter (Coherent, Santa Clara, CA). The measurement laser fluences
were 1,485 ± 18, 2,573 ± 25, 3,390 ± 40, 4,116 ± 48, 4,888 ± 53, 5,720 ± 48, 6,494 ± 68
mJ/cm².
The transferred cell number under each laser fluence condition (1,000
laser-pulse transfers) was obtained during the cell viability test. Given the initial cell
density (1 × 107cells/ml) and the total transferred cell number, the transferred cell number
per laser pulse and its corresponding cell droplet diameter can be estimated. After direct
writing, the membrane of transferred HT-29 cells may be: lysed (broken), permeable, or
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intact. For lysed cells, their cell membranes were seriously damaged and fragmented in
the cell suspension, so they could not be easily detected using trypan blue. Only cells
with permeable and intact membranes were considered in this study.

5.4.2 Effects of Laser Fluence on Droplet Size and Cell Viability
Effect of laser fluence on transferred cell number and droplet size

Figure 5.9 shows the relationship between the transferred cell number and the
applied laser fluence. It can be seen that the cell number per laser pulse, estimated based
on the average of 1,000 laser pulses, nonlinearly increased with the laser fluence. It
should be pointed out that that the cell number per laser pulse was dependent on the
transferred cell droplet volume and cell suspension density, which was 1 × 107 cells/ml
herein. In this study, the estimated cell number was around 30 for the given 120 × 280
μm the laser spot size. Since the droplet size may be smaller than the spot size
[Willis2005, Banks2006, Lin2009a], the transferred cell number may be less than 30 per
pulse under some low laser fluence conditions. The transferred cell numbers under 1,485
± 18 and 2,573 ± 25 mJ/cm² were not shown in Figure 5.9 as they were too few to be
accurately counted.
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Figure 5.9: Transferred cell number per laser pulse as a function of laser fluence

Based on the known cell number per laser pulse and the total number of
transferred cells, the cell droplet diameter is further estimated. During direct writing, a
larger portion of absorbed laser energy is dissipated in form of stress wave, and as much
as 60% of the absorbed laser energy of nanosecond laser pulses is usually converted into
the mechanical energy [Vogel1999, Tomita2003]. The input laser energy leads to bubble
formation, eventually leading to droplet formation. The laser-induced vapor/plasma
bubble diameter generally nonlinearly increases with the laser fluence with a negative
second derivative [Evans2008, Vogel2008], while the ejected droplet diameter generally
nonlinearly increases with the bubble diameter with a positive second derivative based on
the general study of bubble dynamics near a free surface [Hayami1958, Günther2003].
As so, generally there is a linear relationship between the laser fluence and the droplet
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diameter. Assuming this energy conversion ratio does not vary too much during the
process, the converted mechanical energy should linearly increase with the applied laser
fluence, which leads to a linear increase of the droplet diameter. Figure 5.10 shows a
linearly increasing relationship between the droplet diameter and the applied laser fluence
as observed in other modified LIFT studies using a sacrificial layer [Kattamis2007] or
using matrix material only [Lin2009a].

Droplet diameter (μm)

300
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Proposed approach
200

150
MAPLE DW
100
258 869 1482

3390 4116 4888 5720 6494

Laser fluence (mJ/cm2)

Figure 5.10: Droplet diameter comparison using MAPLE DW and the proposed approach

Effect of laser fluence on HT-29 cell viability

The post-transfer cell viability was tested using trypan blue. For dead/injured
cells having a cell membrane structure, their cell membranes are permeable, so trypan
blue can pass through their membrane, resulting in a blue stain inside the cells [Lin2010].
As shown in Figure 5.11, as the laser fluence increased from about 3,400 to 6,500 mJ/cm²,
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the HT-29 cell viability decreased from 99% to 69% using the proposed approach after
the control was considered. The effect of laser fluence on the cell viability was not
significant under low laser fluences until the laser fluence reached 4,888 ± 53 mJ/cm²; the
cell viability significantly decreased at laser fluences higher than 5,720 ± 48 mJ/cm².

Cell viability (%)
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2
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Figure 5.11: Comparison of post-transfer HT-29 cell viability using MAPLE DW
[Lin2010] and proposed approach

As aforementioned discussion, the observed relationship between the cell
viability and the laser fluence is mainly attributed to the process-induced mechanical
stress during the cell droplet formation and cell landing processes. Among various factors
affecting the post-transfer cell viability, the laser fluence is considered one of the most
important variables and should be carefully selected for desirable cell viability. The
significant decrease of cell viability at 5,720 ± 48 mJ/cm² is considered due to the
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possible plasma formation under higher laser fluences, which results in a magnitude
higher pressure shock waves, followed by higher accelerations/decelerations. Under such
circumstances, a relatively lower laser fluence is recommended for safe cell transfer.

5.5 Comparison between Proposed and Other Laser-assisted Approaches
5.5.1 Difference between Proposed Approach and Laser Spallation Technique

Laser spallation technique was developed to measure the thin film adhesion
strength [Yang1974, Vossen1978]. During laser spallation, a laser pulse is directed
perpendicularly through the backside of the confined layer and focuses on the energy
absorption layer as shown in Figure 5.12. The rapid laser heating induces sudden
expansion of the energy absorption layer and generates a stress wave as in the proposed
approach. The stress wave propagates towards the test film coated on the other side of the
substrate, and the stress wave reflection from the free surface of the test film generates a
tensile stress wave, resulting in spallation of the test film [Wang2002].
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Figure 5.12: Schematic of laser-assisted film spallation technique

As discussed, laser spallation technique also employs a four-layer structure;
however, the working mechanism is different between the laser spallation and the
proposed techniques. First, the support substrate in laser spallation is so thick that its
deformation caused by the laser-induced stress wave may be negligible, while the
metallic foil is thin and flexible and deforms during the proposed process as shown in
Figure 5.2(c). Second, the test/transferred coating failure/ejection mechanisms are
different. It is the reflected tensile stress wave that leads to the spallation of the test
coating in laser spallation [Wang2002], while it is the laser-induced compressive stress
wave that expels the beneath alginate coating via the metallic foil, forming a microsphere.
Furthermore, it is different from the proposed approach in terms of materials for each
layer as shown in Table 5.1.
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Table 5.1: Comparison between laser spallation technology and proposed approach
Laser spallation technology

Proposed approach

Components
Typical
thickness (μm)

Materials

Typical
thickness (μm)

Water glass (SiO2)
Transparent
[Wang2002, Gupta2003,
confined layer
Kandula2008]

10 ~ 100

Quartz glass

2,000

Energy
absorption
layer

Aluminum [Wang2002,
Gupta2003,
Kandula2008]

0.4 ~ 1.0

Cyanoacrylate
adhesive

~ 10.0

Silicon [Wang2002,
Gupta2003,
Kandula2008]

400 ~ 6,000

Brass

25

Biological
suspension

80 ~ 100

Materials

Support
matrix

Fused silica [Wang2002] 1,000 ~ 6,000

Transferred
coating

Aluminum [Wang2002]

0.6 ~ 3.0

Cu [Gupta2003]

0.1 ~ 10.0

Poly-pphenylenebenzobisoxazo
le (PBO) polymer
[Kandula2008]

5.0

5.5.2 Differences between Proposed Approach and MAPLE DW

By comparing the working mechanisms of the proposed approach (Figure 5.1(b))
and MAPLE DW (Figure 5.13), their differences can be summarized as follows. First,
MAPLE DW utilizes a two-layer structure while the proposed approach has a four-layer
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structure. Second, the incident laser pulse directly interacts with the energy absorption
matrix and forms a vapor/plasma bubble inside the transferred coating in MPALE DW;
however, for the proposed approach, the laser pulse induces vapor/plasma bubble
formation inside the adhesive layer, which is separated from the suspension coating by
the metallic foil. As so, microsphere formation in MAPLE DW is directly due to the
laser-induced vapor/plasma bubble expansion inside the coating while that in the
proposed approach is due to the bubble formation-induced compressive stress wave that
expels the beneath alginate coating via the metallic foil. Furthermore, the metallic foil of
the proposed approach helps to isolate laser radiation and thermal injury during the
laser-matter interaction process. Of course, it should be noted that a higher laser fluence
is required to deliver some amount of materials using the proposed approach due to the
damping and separation effect from the metallic foil.

Laser pulse

Quartz support

Coating

Vapor/plasma
bubble
Forming droplet

Figure 5.13: Schematic of droplet formation using MAPLE DW
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Figure 5.14 also shows some encapsulated microspheres fabricated using
MAPLE DW under a 16.6 mm direct-writing height. Compared it with Figure 5.3(b) and
Figure 5.6(a), the size distribution of the encapsulated microspheres (75 ± 26 μm) using
MAPLE DW is much larger than that of the proposed approach (93 ± 12 for lowest
fluence cases and 141 ± 21 μm for highest fluence cases). In addition, there are many
satellite microspheres generated during MAPLE DW as seen from Figure 5.14, so it will
be a challenge to guarantee the microsphere monodispersity using MAPLE DW.

Figure 5.14: Encapsulated 6% NaAlg-bead based microspheres after gelation under laser
fluence 490 ± 11 mJ/cm² using MAPLE DW

In cell printing, it is also found from Figure 5.10 that the proposed approach
generated smaller droplets compared with those using MAPLE DW within their
respective working ranges, resulting in a higher printing resolution. This improved spatial
resolution is also beneficial in microfabrication using this proposed approach.
Furthermore, the proposed approach has a relatively smaller slope (0.037 vs. 0.056 using
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MAPLE DW), meaning that the droplet diameter of the proposed approach is less
sensitive to the applied laser fluence and it is easy for process control.

5.5.3 Differences between Proposed Approach and Sacrificial Layer-LIFT

Sacrificial layer-assisted LIFT, also known as AFA LIFT [Hopp2004] and Bio
LP [Barron2004b], introduces a sacrificial/energy conversion layer between the
transparent donor substrate and the donor film coating to avoid the exposure of the donor
material to the laser radiation [Tolbert1993] as shown in Figure 5.15. Typical
sacrificial-layer materials include metals such as silver [Hopp2004], gold [Barron2004b,
Koch2010] and titanium [Colina2006], and polymers such as triazene [Doraiswamy2006]
and polyimide [Kattamis2007]. Typical thickness of the sacrificial layer is of the order of
10 nm [Hopp2004, Barron2004b, Colina2006, Doraiswamy2006].
Compared with the proposed approach, the sacrificial layer-assisted LIFT is a
three-layer structure approach. The laser pulse induces heating inside the sacrificial layer,
resulting in a hot vapor/plasma bubble inside the coating. The microsphere is formed and
ejected as the bubble expands. Vaporized/ionized species of the sacrificial layer directly
interact with the coating suspension and may remain as part of the microsphere formed as
a possible contamination form. This contamination can be avoided using the proposed
approach since the metallic foil helps to isolate possible contamination sources from the
coating suspension.
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If the sacrificial layer is thick enough and the applied laser fluence is not high
enough to rupture the sacrificial layer, then vaporized species can be confined inside the
sacrificial layer. Under this scenario, the functionality of thick sacrificial layer-assisted
LIFT is similar to the proposed approach. Thick polyimide layer (of the order of 1 μm)
was used as the sacrificial layer in transferring embryonic stem cells [Kattamis2007] and
N-methyl-2-pyrrolidone ink [Brown2010].

Quartz support

Laser pulse

Sacrificial layer
(of the order of 10 nm)

Coating

Vapor/plasma
bubble
Forming droplet

Figure 5.15: Schematic of droplet formation using sacrificial layer-LIFT

5.5.4 Comparison of Post-transfer Cell Viability

The post-transfer HT-29 cell viability herein is also compared with that using
MAPLE DW in direct writing of HT-29 cells [Lin2010]. It can be seen from Figure 5.11
that the post-transfer cell viability was not too sensitive as that in MAPLE DW until the
laser fluence reached 4,888 ± 53 mJ/cm². Even though the cell viability significantly
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decreased at the laser fluence of 5,720 ± 48 mJ/cm², its cell viability was still above 90%.
As observed, the proposed approach demonstrated a better ability in controlling
post-transfer cell viability when suitable laser fluence was selected.

5.6 Conclusions

A novel metallic foil-assisted LIFT approach has been proposed and tested in
making encapsulated microspheres using high sodium alginate concentration solutions
and transferring HT-29 mammalian cells. The effect of sodium alginate concentrations on
the encapsulated microsphere diameter, and the effects of laser fluence on the
encapsulated microsphere diameter, the cell number, the transferred droplet diameter per
laser pulse and the post-transfer cell viability have been studied using the proposed
approach. Some conclusions regarding this metallic foil-assisted LIFT approach are
summarized as follows:
1) The proposed metallic foil-assisted LIFT approach provides a promising fabrication
technology for making microspheres from highly viscous solutions;
2) The microsphere can only be formed if the direct-writing height is larger than the
critical direct-writing height; otherwise, tail structured droplets are formed;
3) The encapsulated microsphere diameter linearly increases with the laser fluence and
decreases with the sodium alginate concentration;
4) The proposed approach provides better printing resolution and high post-transfer cell
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viability in printing HT-29 cell suspension compared with other conventional
modified LIFT technologies such as MAPLE DW; at the same time, the possible
contamination from the laser energy absorbing material is minimized using a metallic
foil;
5) The transferred cell number per laser pulse nonlinearly increases with the laser
fluence, while the droplet diameter linearly increases with the laser fluence; the
formed droplet size is smaller compared with MAPLE DW under the same laser spot
size; and
6) The post-transfer HT-29 cell viability decreases as the laser fluence increases from
3,390 to around 6,500 mJ/cm² and significantly decreases at the laser fluences of
5,720 ± 48 mJ/cm² or higher; the post-transfer cell viability is not too sensitive as that
in MAPLE DW until the laser fluence reaches 4,888 ± 53 mJ/cm².
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

This dissertation studied pulsed-laser direct writing of biological materials. The
hypothesis that laser-induced droplet formation dynamics and process-induced cell injury
depend on the coating material properties and the operating conditions has been proved
through this study of pulsed-laser direct writing of biological materials. And a metallic
foil-assisted LIFT technique was proposed to better fabricate highly viscous alginate
microsphere with uniform distribution and transfer mammalian cells with high resolution
and post-transfer cell viability. The major conclusions of this dissertation are summarized
in the following discussions.

6.1.1 Bubble Formation Modeling

Bubble formation due to phase explosion is the main pressure generation
mechanism in laser direct writing. The bubble formation process in laser direct writing of
glycerol-water coating was modeled based on the nucleation-based phase explosion
theory. Based on the proposed model, the bubble diameter and bubble pressure after
expansion and cooling can be predicted. In this study, it was found that: 1) the formed
bubble diameter increases as the laser fluence increases; and 2) the formed bubble
diameter first decreases and then increases with the glycerol concentration ratio.

6.1.2 Droplet Formation

The droplet formation process during MAPLE DW has been studied to elucidate
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the effects of laser pulse fluence and glycerol-water concentration on the glycerol-water
droplet diameter. In this study, it has been observed that: 1) at a given glycerol
concentration ratio, the droplet diameter is linearly dependent on the laser fluence, and
the slope of this linear relationship between the droplet diameter and the laser fluence is
dependent on the glycerol concentration. The slope increases with the increase of
glycerol concentration ratio until the ratio reaches a transitional concentration ratio with
maximum sensitivity. Once the glycerol concentration ratio is higher than the
concentration ratio for the largest droplet value, the slope then decreases with the increase
of glycerol concentration ratio; and 2) the droplet diameter has no systematic relationship
with the glycerol concentration ratio. At a given laser fluence, the droplet diameter
increases with the increase of glycerol concentration ratio until it reaches a transitional
concentration ratio for the largest droplet. At this transitional concentration ratio for the
largest droplet, the droplet can reach its largest size at a given laser fluence. The droplet
diameter would decrease with the increase of glycerol concentration ratio, once the
glycerol concentration ratio is higher than the concentration ratio for the largest droplet.
The concentration ratio for the largest droplet is a function of laser fluence, and it
generally increases as the laser fluence increases.

6.1.3 Process-induced Cell Injury and Cell Injury Reversibility

Laser direct writing of the human colon cancer HT-29 cell using MAPLE DW
has been studied to elucidate the effects of operating conditions on the post-transfer cell
viability and cell proliferation. In addition, cell injury reversibility study has been
investigated by direct writing of yeast cells. In this study, it has been observed that: 1) the
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HT-29 cell viability decreases as the laser fluence increases from 258 to 1,482 mJ/cm²,
and the post-transfer cell proliferation capacity does not vary significantly as the laser
fluence changes; 2) the direct-writing height does not have a noticeable effect on the
post-transfer cell viability under low laser fluences (258 and 869 mJ/cm²). However, a
larger height (29.3 mm) leads to an almost 8% viability improvement compared with that
of 16.6 mm under a high laser fluence (1,482 mJ/cm²), because cell injury due to cell
landing is significant at high laser fluence and the increase of direct writing height can
help reduce cell landing velocity and improve post-transfer cell viability at high laser
fluences. It should be pointed out that this improvement using a larger height may be
compromised by the grossly poor registry of transferred cells in practical direct writing; 3)
the post-transfer cell viability is not dependent on the cell density for a range from 1 ×
106 to 1 × 107 cells/ml; and 4) some of the MAPLE DW process-induced cell injuries are
reversible. The post-transfer cell injury reversibility is a function of laser fluence.
However, this dependent relationship is not significant.

6.1.4 A Metallic Foil-Assisted LIFT Technique

A metallic foil-assisted LIFT approach has been proposed to better fabricate
highly viscous alginate microspheres and transfer HT-29 mammalian cells with high
post-transfer cell viability. The effect of sodium alginate concentration on the
encapsulated microsphere diameter, and the effects of laser fluence on the encapsulated
microsphere diameter, the transferred cell number, the transferred droplet diameter per
laser pulse and the post-transfer cell viability have been studied using the proposed new
cell direct-write technology. In this study, it has been observed that: 1) the proposed
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metallic foil-assisted LIFT approach provides a promising fabrication technology for
making microspheres from highly viscous solutions; 2) the microspheres can only be
formed if the direct-writing height is larger than the critical direct-writing height;
otherwise, tail structured droplets are formed; 3) the encapsulated microsphere diameter
linearly increases with the laser fluence and decreases with the sodium alginate
concentration; 4) the proposed metallic foil-assisted LIFT approach is an effective cell
direct-write technology and provides better printing resolution and high post-transfer cell
viability compared with MAPLE DW; at the same time, the possible contamination from
the laser energy absorbing material is minimized using a metallic foil; 5) the transferred
cell number per laser pulse nonlinearly increases with the laser fluence, while the droplet
diameter linearly increases with the laser fluence; the formed droplet size is smaller
compared with MAPLE DW under the same laser spot size; and 6) the post-transfer
HT-29 cell viability decreases as the laser fluence increases from 3,390 to around 6,500
mJ/cm² and decreases significantly at the laser fluences of 5,720 ± 48 mJ/cm² or higher;
the post-transfer cell viability is not too sensitive as that in MAPLE DW until the laser
fluence reaches 4,888 ± 53 mJ/cm².

6.2 Contributions

Previous experimental and numerical work has been done in laser direct writing
of cells and its corresponding post-transfer cell viability. Thus far, there is no theoretical
modeling on bubble formation that is the main mechanism for material ejection in laser
direct writing. Systematic study of droplet formation mechanism, process-induced cell
injury and cell injury reversibility is still lacking. In addition, the potential
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contamination is still a big hurdle for laser direct writing to be a viable biofabrication
technology. The research work in this dissertation fills in this gap, which helps to
facilitate the optimization and wide application of laser direct writing in biofabrication
industry.
The main contributions of this dissertation are summarized as follows:
1) A bubble formation model has been theoretically proposed for laser-material
interaction for a better understanding of pressure generation and droplet formation
mechanisms in a MAPLE DW process. This bubble formation model is expected to be
used in the short pulsed laser-interaction with a material, especially a thin film in a
confined geometry;
2) Droplet formation mechanism has been systematically studied; linear
dependence between laser fluence and transferred droplet diameter has been observed; no
systematic dependent relationship between glycerol concentration and transferred droplet
diameter has been found;
3) Process-induced cell injury in laser direct writing has been systematically
elucidated. The effects of operating conditions including laser fluence, direct-writing
height and cell density on the post-transfer cell viability and cell proliferation have been
experimentally determined. Reversible process-induced cell injury in laser direct writing
has been firstly observed; and
4) A metallic foil-assisted LIFT technique was proposed. This technique can not
only help better fabricate highly viscous alginate microsphere with uniform distribution
and transfer mammalian cells with high resolution and post-transfer cell viability, but
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also overcome direct laser-biological material interaction in MAPLE DW and the
possible contamination from residual sacrificial layer such as titanate thin film.

6.3 Future Work

While this dissertation reveals some interesting phenomena in laser direct
writing process such as bubble formation, droplet formation and process-induced cell
injury, there are still many open fields needed to further investigate. To enhance
understanding of the phenomena in laser direct writing process and boost its industrial
application, the recommended future studies are summarized as follows:

6.3.1 Dimensional Analysis in Laser Direct Writing

Dimensional analysis is a powerful tool for reducing a complex physical system
to a simple form and then determining relations among physical quantities in the system
using their dimensions. This study has also devoted to studying droplet dynamics in the
air and critical direct-writing height through dimensional analysis; however, the specific
relations among physical variables such as laser fluence, drag force and droplet
morphology have not been successfully quantified due to the difficulties of quantifying
the cell droplet velocity and droplet morphology. For widely implementing the
observations of this study to other laser direct writing studies using other materials,
dimensional analysis is needed in future study. The future work may focus on: 1)
determining the formed bubble size as a function of the dimensionless numbers, such as
the Fourier number (a dimensionless time in the diffusion) and the Stefan number (a
dimensionless latent heat in phase transformations); 2) determining the formed droplet
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size as a function of the dimensionless numbers, such as Ohnesorge number and Weber
number; 3) elucidating the cell droplet air dynamics in terms of Reynolds number; and 4)
building a cell injury model in terms of the dimensionless numbers such as Fourier
number, Ohnesorge number and Weber number.

6.3.2 Bubble Formation Modeling

Future studies may need to include the effect of bubble nuclei coalescence, the
energy loss during bubble formation process, and the effect of photo-dissociation in
bubble formation. It is expected that the introduction of more accurate models for energy
loss during bubble formation and bubble oscillation/cooling processes should help
improve the model prediction accuracy. Also, advanced experimental setup with
high-speed camera and fast-response pressure sensor is expected to better monitor and
capture the bubble dynamics, coalescence, bubble size and pressure during the phase
explosion process.

6.3.3 Droplet Formation

While this study reveals some interesting droplet formation phenomena during
MAPLE DW, some analytical and/or computational modeling is expected to further
explain these observations. The following problems are of great interest to further
understand the droplet formation process such as 1) how to model the hydrodynamic
droplet formation relationship among the droplet diameter and the laser fluence and/or
the matrix material properties; 2) how to minimize the feature size by optimizing the laser
transfer process, which is especially critical for electronic material direct writing; and 3)
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how to extend the observations here to other modified laser-induced forward transfer
processes.

6.3.4 Process-induced Cell Injury and Cell Injury Reversibility

Some interesting observations of effects of operating conditions on the
post-transfer cell viability and cell proliferation have been observed, but further work is
needed to enhance understanding of these phenomena, especially from cellular and
molecular perspective. The recommended problems needed to illustrate in the future are:
1) how does laser fluence affect cell viability mechanically and chemically through a
cellular and molecular study; 2) what is the physical/biochemical mechanism of cell
injury during MAPLE DW; 3) how to identify quiescent cells and reversible cell injury
through specific analyses; and 4) how to understand and model the relationship among
the laser fluence, direct-writing height, cell viability, and cell injury reversibility.

6.3.5 A Metallic Foil-Assisted LIFT Technique

Promising results in terms of better fabricating microspheres with narrow size
distribution, better printing resolution and high post-transfer cell viability have been
observed using the proposed metallic foil-assisted LIFT technology, further analytical
and/or computational modeling is expected to elucidate the process dynamics. The future
work may focus on: 1) fabricating microspheres with mammalian cells and stem cells
encapsulated; 2) studying cell viability, proliferation, and differentiation of encapsulated
cellular spheroids; 3) investigating the physical and biochemical mechanisms of cell
injury during the fabrication process; and 4) modeling and optimizing the fabrication
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process for industrial implementation.

6.3.6 Cell Fusion

The goal of laser direct writing of biological materials is to manufacture human
organs. Understanding of cell fusion for post-transfer cells is very important to achieve
this goal. While there are a few published literatures in this area, this topic is so complex
that more work is needed to understand cell fusion phenomena. The research state of cell
fusion in laser direct writing is summarized as follows: 1) the cell–cell interactions in the
printed bovine aortic endothelial cells (BAEC) on a homogeneous cell-adherent hydrogel
have been studied by Chen, et al. (2006); 2) the construction of three-dimension olfactory
ensheathing cells has also been reported by Othon, et al. (2008); and 3) collagen network
formation, breast cancer progression, and neural stem cell proliferation have been studied
at Dr. Chrisey’s group at Rensselaer Polytechnic Institute using MAPLE DW depositing
human dermal fibroblasts, mouse myoblasts, rat neural stem cells, human breast cancer
cells, and bovine pulmonary artery endothelial cells [Schiele2009]. There are some other
groups working on cell fusion mainly using inkjet printing techniques, such as group of
Dr. Gabor Forgacs at the University of Missouri-Columbia, group of Drs. Roger
Markwald and Vladimir Mironov at Medical University of South Carolina-Charleston,
and group of Dr. Thomas Boland at the University of Texas at El Paso (Previously at
Clemson University, Clemson, SC). From a biofabrication perspective, the future studies
of cell fusion in laser direct writing can include building a three-dimensional “vascular
tree”, investigating the physical and biochemical mechanisms of cell fusion process of
the printed “vascular tree” and fabricating a complete organ.
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Appendix A
Comments on Gaussian Laser Beam
A.1 Relation among FWHM, 1/e and 1/e2

A Gaussian laser beam is a beam of electromagnetic radiation whose transverse
electric field and intensity distributions can be approximately described by Gaussian
functions. The spatial laser intensity for a lowest-order Gaussian beam (TEM00,
Transverse ElectroMagnetic) is given as [Ready1971, Svelto1998]

I = I 0 exp(− 2r 2 / ω 02 )

(A.1)

Where I 0 is the laser peak intensity at r = 0, ω 0 is the laser spot radius at the beam waist,
which is defined as the radius at the 1/e2 laser intensity herein, and r is the radial distance
from the center of the beam.
The propagation of a Gaussian beam is shown in Figure A.1. The laser spot
radius for a beam of λ wavelength at a distance z along the beam propagation direction
from the beam waist is given by [Träger2007, Svelto1998]

ω (z ) = ω

Where z R =

θ=

2λ

πω

πω
λ

2
0

⎛ z
1 + ⎜⎜
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⎞
⎟⎟
⎠
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(A.2)
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is named as Rayleigh range, and its corresponding divergence angle
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0
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Figure A.1: Propagation of a Gaussian beam
Depending on the application fields, industry usually use laser beam diameter (D)
at FWHM (Full width at half maximum) to describe the laser spot size while academic
and scientific community prefer laser beam radius at 1/e or 1/e2, as shown in Figure A.2.
The relationship among these three parameters is derived in the following discussion.
At FWHM, the laser intensity is written as

⎛ ⎛D⎞
⎞
0.5 = exp⎜⎜ − 2⎜ ⎟ / ω 02 ⎟⎟
⎝ ⎝2⎠
⎠
2

So

(A.3)

D 2 = 2 ln (2 )ω 02 , and D 2 = 4 ln (2 )ω e2 , where ω e is the laser beam radius at

1/e laser intensity.
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Figure A.2: Laser intensity at FWHM, 1/e and 1/e2

A.2 Gaussian laser pulse model

In this section, an analytical expression is derived for the laser peak intensity of
a temporal and spatial Gaussian distribution laser beam under given FWHM pulse
duration, FWHM laser beam diameter and the pulse energy. The power P (t ) and the
laser intensity I (r , t ) for a Gaussian distribution laser pulse is written as [Svelto1998,
Chen2001]

⎧
⎡
⎛ (t − t m )2
⎪ P(t ) = Pm ⋅ exp ⎢− 4 ln( 2 ) ⋅ ⎜⎜
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(A.4)

Where Pm and I m (t ) are the peak power and the peak intensity of the laser pulse,
respectively, D is the FWHM beam diameter, τ L is the FWHM pulse duration, and tm
is the time at peak power.
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For a single laser pulse, the pulse energy E is determined by
∞
⎧
⎪ E = P(t )dt
⎪
0
⎨
∞
⎪
⎪ P(t ) = I (r ,t ) ⋅ 2πrdr
0
⎩

∫

(A.5)

∫

Thus,
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Appendix B
Measurement Uncertainty Analysis

B.1 Basis of Measurement Uncertainty

Measurement error exists in every measurement, no matter how well the
measurement was carried out. Generally, the term “uncertainty” is used to characterize
the degree of goodness of a measurement or experimental result, while the term “error” is
used to characterize the components of the uncertainty [Rabinovich1999, Wahlin2005,
Coleman2009]. Uncertainty is a property of the experimental result, because it influences
the usefulness of measurements and experimental results [Figliola2006]. And the purpose
of uncertainty analysis is to learn more about the experimental results, set achievable
experimental goals, and identify experimental barriers that may need to be broken
through [Wahlin2005].
The measurement error in an experimental measurement is defined as the
difference between the true value and the measured value. It includes systematic error
and random error. Systematic error, also named as bias error, is a constant under fixed
operating conditions. The sources of systematic errors come from instrument calibration,
data acquisition, and data reduction. Systematic errors can be reduced by careful
instrument calibration, but they can never be completely eliminated, due to the systematic
error associated with the imperfect standard used in the calibration procedure itself. The
random error, also called precision error or repeatability error, is random under nominally
fixed operating conditions. The random error is affected by the repeatability and
resolution of the measurement system components, the measured variables' temporal and
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spatial variations, the variations in the process operating and environmental conditions,
and the repeatability of the measurement procedure and technique [Figliola2006].
Before further discussion, some assumptions are given as: 1) the population of
the measurement samples is assumed as a Gaussian (also named as normal) distribution,
which means random errors are independent; 2) systematic errors are independent; 3) any
known corrections for systematic errors are already done; 4) measurement data are
attained under fixed operating conditions; and 5) operators are experienced with the
measurement systems [Figliola2006].
In a practical experiment, the true value of the measurement variable is unknown
and the number of measurements and repeated experiments is finite. The best way to
estimate the true value is to state that the true value of x′ lies within the uncertainty
interval as follows:

x′ = x ± u x (P%)

(B.1)

where x is the mean value of the measured samples, and ± u x represents the
uncertainty interval estimated at some probability level, P%, whose typical value is 95%.
The sample mean value ( x ) and the sample standard deviation ( S x ) are defined
as follows:
x=

Sx =

1
N

N

∑x

(B.2)

i

i =1

1 N
(xi − x )2
N − 1 i =1

∑

(B.3)

where N is the sample size.
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Another important parameter is the variance of the distribution of the sample
mean values. Consider the situation where a variable is measured N times under fixed
operating conditions and the same procedure is repeated M times. Each of the M data sets
are attained from a Gaussian population with the mean x and the sample standard
deviation S x . The standard deviation of the mean values ( S x ) is defined as follows:
Sx =

Sx
N

(B.4)

In the absence of systematic errors in a measurement, the estimated of the true
mean value based on a finite data set is defined as [Figliola2006]
x′ = x ± tυ ,P S x (P%)

(B.5)

where the ANSI/ASME Standard on Measurement Uncertainty suggests that the value of
the variable tυ ,P be given by the Student’s t-distribution with the degrees of freedom

υ = N − 1 . As N approaches infinity, the confidence level of the Student’s t-distribution
approaches the Gaussian distribution value.
Uncertainty from systematic errors is a fixed value for each measurement. The
systematic errors of a measurement system at the design stage include interpolation error
(also named as zero-order uncertainty of the instrument) u0 and instrument errors (also
named as instrument uncertainty) uc , where u0 = ±

1
resolution (95%) and uc should
2

be given by the instrument manufacturer [Figliola2006]. The systematic uncertainty us
can be estimated using the root-sum-squares method as follows

169

us = u + u +
2
0

2
c

M

∑u

2
i

(P% )

(B.6)

i =1

M

where

∑u

2
i

are other known measured systematic errors. The overall uncertainty u x

i =1

of the measured variable x is estimated using the root-sum-squares method as

ux =

(tυ ,P S x )2 + us2

(B.7)

The uncertainty analysis approach is applied to determine how random errors
and systematic errors for many measured independent variables ( xi , i = 1,2 ,L , L )
propagate through the data reduction equation. The data reduction function R is
determined through the functional relationship among the measured variables as

R = f ( x1 , x2 ,L , x L ) = R ± u R (P% )
where

R

(B.8)

is the mean value of the result, which can be determined by

R = f ( x1 , x2 ,L , xL ) , and uR is the overall uncertainty that is composed of the systematic
uncertainty BR and the random uncertainty PR .
The systematic uncertainty and the random uncertainty for the measurement
variable xi are defined as Bi and Pi , respectively. For a single variable xi , Bi is

us and Pi = tυ ,P S xi . It is assumed that the data reduction function R is continuous and has
continuous derivatives in the domain of interest and the systematic error Bi and random
error Pi for the measurement variables are independent on each other. Under these
conditions, the systematic uncertainty and the random uncertainty are estimated using the
first order variance estimation method [Coleman2009]
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2
2
⎧
⎞
⎛ ∂R
⎞
⎛ ∂R ⎞ ⎛ ∂R
2
⎪ BR = ⎜⎜
B1 ⎟⎟ + ⎜⎜
B2 ⎟⎟ + L + ⎜⎜
BL ⎟⎟
⎪
⎠
⎝ ∂x L
⎝ ∂x1 ⎠ ⎝ ∂x 2 ⎠
⎨
2
2
2
⎛ ∂R ⎞
⎪ 2 ⎛ ∂R ⎞ ⎛ ∂R ⎞
⎪ PR = ⎜⎜ ∂x P1 ⎟⎟ + ⎜⎜ ∂x P2 ⎟⎟ + L + ⎜⎜ ∂x PL ⎟⎟
⎝ L ⎠
⎝ 1 ⎠ ⎝ 2 ⎠
⎩

(B.9)

The overall uncertainty u R of the experimental result is estimated using the
root-sum-squares method as

u R = BR2 + PR2

(B.10)

Before enclosing this discussion, there are two questions that should be
addressed. One is that numerical precision of data would influence the uncertainty
precision. Another is how to identify the “bad data” in a sample of N measurements of a
variable x. One of the most popular methods is Chauvenet's criterion which states that all
experimental data points retained should fall within a band around the mean value x
that corresponds to a probability of 1 −

1
, as shown in Figure B.1.
2N

Frequency distribution
Probability (1-1/2N)

Rejected area

Rejected area

x

Measurement x value

Figure B.1: Schematic of Chauvenet's criterion

B.2 Uncertainty Analysis in Laser Direct Writing

In this study, the laser printing of HT-29 cell experiments were carried out as
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follows: 1) The cells were printed into three wells under each laser fluence and the
post-transfer cell viability of each well was measured twice; 2) the whole process was
repeated three times; 3) the post-transfer cell viability was manually counted by an
experienced biological researcher using a hemocytometer; and 4) all other conditions
except laser fluence were fixed. So measured times N = 6 and repeated times M = 3.
Using Eqs. (B.2 ~ B.5), the random uncertainty under a given laser fluence is estimated
as follows: Pi = tυ ,P S x =

t 5 ,95%
6

S x ≈ 1.05 S x , where at 95% confidence, the Student’s

t-distribution value tυ ,P = t 5 ,95% = 2.57 , and the measured sample standard deviation S x
ranging from about 3% to 5% under laser fluences from 258 to 1,482 mJ/cm2. Systematic
errors for cell viability measurement include the reliability of cell viability assay,
resolution/error of hemocytometer, and resolution/error of optical microscope.
Unfortunately, information about these systematic errors is not available. Systematic
errors during cell printing process may have indirect influence on the post-transfer cell
viability. For example, energy stability of laser system is less than 3% (standard
deviation), and linearity and measurement resolution of the FieldMax II-TOP laser
power/energy meter are ±1% and ±0.1% of full scale, respectively. Using Eqs. (B.6), the
systematic uncertainty us for the laser fluence (F, mJ/cm2) is estimated as 0.032F. The
actual laser pulse energy was determined based on the average of 100 laser pulse
measurements, the measured random uncertainty was about 0.002F ~ 0.003F under laser
fluence from 258 to 1,482 mJ/cm2. To determine the effect of laser energy uncertainty on
cell injury, the uncertainty of data reduction equations including power-law cell injury
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equation (Eq.(4.1)) and Gompertz cell injury equation (Eq.(4.2)) were analyzed using Eqs.
(B.9 ~ B.10). For the power-law equation, the systematic uncertainty BR under laser
fluence from 258 to 1,482 mJ/cm2 is from 0.11% to 0.64% and the random uncertainty
PR under laser fluence from 258 to 1,482 mJ/cm2 is from 0.007% to 0.06%. The overall

uncertainty of cell injury data reduction is less than 0.643%. For the Gompertz equation,
the systematic uncertainty BR under laser fluence from 258 to 1,482 mJ/cm2 is from
0.06% to 0.83% and the random uncertainty PR under laser fluence from 258 to 1,482
mJ/cm2 is from 0.004% to 0.08%. The overall uncertainty of cell injury data reduction is
less than 0.834%. Considering errors during cell printing and cell viability measurement,
the overall uncertainty is 1.05 S x at 95% confidence, which means the random
uncertainty during cell viability measurement is the dominant uncertainty. The difference
between the overall uncertainty and sample standard deviation is negligible. Thus, it is
reasonable to use sample standard deviation as the error bar in this study.
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